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Why 𝞴HHH is so important ?

➔ The modification of the scalar potential at high scales makes the EW vacuum metastable  
➔ The stability of the potential at high mass has an impact of the possible role of the Higgs boson as 
the inflaton in the primordial Universe

The shape of the scalar potential is linked to many open questions of particle 
physics and cosmology22 OVERVIEW OF THE PHYSICS CASE FOR CEPC
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Figure 2.11: The Higgs potential energy function. All we know about the shape of the Higgs potential
is the local curvature at its minimum. These observations are consistent with the Standard Model, but
they are also consistent with models containing new physics that can dramatically change the nature of
the electroweak phase transition.

breaking. At the minimum of the potential v =
p

�µ2/� gives the Higgs field VEV and
m2

H
= �2µ2 gives the Higgs boson’s mass. Thus, having measured both v ' 246 GeV

and mH ' 125 GeV in the laboratory, the Standard Model completely predicts the shape
of the Higgs potential. For these values of the Higgs boson mass and VEV, the elec-
troweak phase transition is expected to proceed via a continuous crossover in the absence
of additional physics beyond the Standard Model.

However the presence of new physics can dramatically change the shape of the Higgs
potential without disrupting the measurements of v and mH . For example, a simple gen-
eralization of Equation (2.8) is to include a sextic term and write the Higgs potential
as [39–41]

V (�) =
1

2
µ2�2

+
1

4
��4

+
1

8⇤2
�6 . (2.9)

A potential of this form arises if new, heavy particles are coupled to the Higgs boson, and
then ⇤ is related to the mass scale of the new particles. This potential has enough structure
to support two local minima with a barrier between, which we see in Figure 2.11 for the
curve labeled "new physics (1).” The nature of the electroweak phase transition in this
model is expected to be very different from the Standard Model due to the barrier [42–
44]. Alternatively the new physics can manifest through a non-analytic term in the Higgs
potential, such as the one proposed by Coleman and Weinberg [45],

V (�) =
1

4
��4

log
�2

⇤2
. (2.10)

Such a potential arises when new physics is coupled to the Higgs boson and leads to
a strong running in the Higgs quartic self-coupling [46]. As shown by the curve labeled
"new physics (2)” in Figure 2.11, this potential is very flat near the origin allowing thermal
corrections to induce a barrier and thus a first order phase transition.
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Figure 1: RG evolution of the Higgs self coupling, for di↵erent Higgs masses for the central value of mt

and ↵s, as well as for ±2� variations of mt (dashed lines) and ↵s (dotted lines). For negative values

of �, the life-time of the SM vacuum due to quantum tunneling at zero temperature is longer than the

age of the Universe as long as � remains above the region shaded in red, which takes into account the

finite corrections to the e↵ective bounce action renormalised at the same scale as � (see [11] for more

details).

2 Stability and metastability bounds

We first present the analysis on the Higgs instability region at zero temperature. We are

concerned with large field field values and therefore it is adequate to neglect the Higgs mass

term and to approximate the potential of the real field h contained in the Higgs doublet H =

(0, v + h/
p
2) as

V = �(|H|
2
� v

2)2 ⇡
�

4
h
4
. (1)

Here v = 174 GeV and the physical Higgs mass is mh = 2v
p
� at tree level. Our study here

follows previous state-of-the-art analyses (see in particular [9, 11, 12]). We assume negligible

corrections to the Higgs e↵ective potential from physics beyond the SM up to energy scales of

the order of the Planck mass. We include two-loop renormalization-group (RG) equations for all

the SM couplings, and all the known finite one and two-loop corrections in the relations between

3
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The HL-LHC 𝞴HHH “legacy”

➔ Constraint on the Higgs self-coupling of 0.5 < k𝞴 < 1.5 at the 68% CL (e.g. 50% precision) 
➔ The secondary minimum in the likelihood lineshape (due the degeneracy in the total 
number of HH signal events) excluded at 99.4%CL
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Fig. 64: Left: upper limit at the 95% CL on the HH production cross section as a function of � =

�HHH/�SM
HHH. The red band indicated the theoretical production cross section. Right: expected likelihood

scan as a function of � = �HHH/�SM
HHH. In both figures the results are shown separately for the five

decay channels studied and for their combination.

experiment, the likelihoods for those two channels are scaled to 6000fb�1 in the combination. The signif-
icances are added in quadrature and the negative-log-likelihood are simply added together. A summary
of the different expected significances, as well as the combination, are shown in Table 57. A combined
significance of 4 standard deviation can be achieved with all systematic uncertainties included.

Table 57: Significance in standard deviations of the individual channels as well as their combination.

Statistical-only Statistical + Systematic
ATLAS CMS ATLAS CMS

HH ! bb̄bb̄ 1.4 1.2 0.61 0.95
HH ! bb̄⌧⌧ 2.5 1.6 2.1 1.4
HH ! bb̄�� 2.1 1.8 2.0 1.8
HH ! bb̄V V (ll⌫⌫) - 0.59 - 0.56
HH ! bb̄ZZ(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6

Combined Combined
4.5 4.0

Comparisons of the minimum negative-log-likelihoods for ATLAS and CMS are shown in Fig-
ure 65. In those plots the likelihoods for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels
are not scaled to 6000fb�1. A difference of shape between the two experiments can be seen around
the second minimum. This difference comes mainly from the HH ! bb̄�� channel as illustrated in
Figure 65b. In this channel both experiment use categories of the mHH distributions. But for ATLAS
the analysis was optimised to increase the significance of the SM signal so the low values of the mHH

distribution are cut by the selection cuts, while for CMS a category of events with low values of mHH

is very powerful to remove the second minimum, while having no effect on the SM signal. The lower
precision on � is slightly better for CMS thanks to the contribution of the HH ! bb̄bb̄ channel, as
well as the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) ones, while the higher precision on � is similar
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between the two experiments.

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

2

4

6

8

10

12

ATLAS
CMS
Combination

68%

95%

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

(a)

λk
2− 1− 0 1 2 3 4 5 6 7 8

ln
(L

)
Δ

-2

0

1

2

3

4

5
bbbb ττbb

)νlνVV(lbb γγbb
ZZ*(4l)bb

ATLAS CMS

68%

95%

 (14 TeV)-13000 fbCMS and ATLAS
HL-LHC prospects

(b)

Fig. 65: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+background fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standalone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.

The combined minimum negative-log-likelihoods are shown in Figure 66. The 68% Confidence
Intervals for � are 0.52  �  1.5 and 0.57  �  1.5 with and without systematic uncertainties
respectively. The second minimum of the likelihood is excluded at 99.4% CL. A summary of the 68%
CI for each channel in each experiment, as well as the combination are shown in Figure 66b.

3.3 Double Higgs measurements and trilinear coupling: alternative methods
3.3.1 Prospects for hh ! (bb̄)(WW

⇤) ! (bb̄)(`+`
�
⌫`⌫̄`)

39

In this section, we discuss the discovery prospects for double Higgs production in the hh ! (bb̄)(WW ⇤
)

channel. In order to increase sensitivity in the di-lepton channel [294, 295, 296], we propose a novel
kinematic method, which relies on two new kinematic functions, Topness and Higgsness [297]. They
characterise features of the major (tt̄) background and of hh events, respectively. The method also
utilises two less commonly used variables, the subsystem MT2 (or subsystem M2) [298, 299, 300] for
tt̄ and the subsystem

p
ŝmin (or subsystem M1) [301, 302, 300] for hh production. For any given event,

Topness [303, 297] quantifies the degree of consistency to di-lepton tt̄ production, where there are 6
unknowns (the three-momenta of the two neutrinos, ~p⌫ and ~p⌫̄) and four on-shell constraints, for mt, mt̄,
m

W
+ and m

W
� , respectively. The neutrino momenta can be fixed by minimising the quantity

�2
ij ⌘ min

/~pT =~p⌫T +~p⌫̄T

2
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39 Contacts: J. Han Kim, M. Kim, K. Kong, K.T. Matchev, M. Park
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Significance of HH production

k𝞴 =𝞴HHH/𝞴HHHSM 

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

H

H

H
H

HλHHH

Measured in double Higgs boson production

50%
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𝞴HHH @ FCC-ee
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Figure 1: One-loop diagrams involving the trilinear Higgs coupling contributing to the main
single Higgs production processes: e

+
e

≠
æ hZ (top row) and e

+
e

≠
æ ‹‹̄h (middle row).

The Higgs self-energy diagram (bottom) gives a universal modification to all Higgs production
processes via wave function renormalization.

Following Ref. [26], we can parametrize the NLO corrections to an observable � in a
process involving a single external Higgs field as

�NLO = ZH�LO(1 + Ÿ⁄C1) , (2.2)

where �LO denotes the LO value, C1 is a process-dependent coe�cient that encodes
the interference between the NLO amplitudes involving Ÿ⁄ and the LO ones, while ZH

corresponds to the universal resummed wave-function renormalization and is explicitly
given by

ZH = 1
1 ≠ Ÿ

2
⁄
”ZH

, with ”ZH = ≠
9
16

Gµm
2
H

Ô
2fi2

A
2fi

3
Ô

3
≠ 1

B

ƒ ≠0.00154 . (2.3)

The impact of a deviation ”Ÿ⁄ © Ÿ⁄ ≠ 1 from the SM value of the trilinear Higgs self-
coupling is therefore

”� ©
�NLO

�NLO(Ÿ⁄ = 1) ≠ 1 ƒ (C1 + 2”ZH)”Ÿ⁄ + ”ZH”Ÿ
2
⁄

, (2.4)

up to subleading corrections of higher orders in ”ZH and C1.4 The linear approximation
in ”Ÿ⁄ is usually accurate enough to describe the deviations in single Higgs processes
inside the typical constraint range |”Ÿ⁄| . 5. We will nevertheless use the unexpanded
”� expressions throughout this paper to derive numerical results.

4We checked explicitly that the one-loop squared term of order ”Ÿ
2
⁄

is subdominant compared to the
”ZH”Ÿ

2
⁄

one.
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𝞴HHH does not enter single-Higgs processes at LO but it 
affects both Higgs production and decay at NLO.

Linear correction to the vertex Quadratic corrections  
(wave function renormalisation)

VBF processes  
Both CC/NC diagrams
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Figure 1: One-loop diagrams involving the trilinear Higgs coupling contributing to the main
single Higgs production processes: e

+
e

≠
æ hZ (top row) and e

+
e

≠
æ ‹‹̄h (middle row).

The Higgs self-energy diagram (bottom) gives a universal modification to all Higgs production
processes via wave function renormalization.

Following Ref. [26], we can parametrize the NLO corrections to an observable � in a
process involving a single external Higgs field as

�NLO = ZH�LO(1 + Ÿ⁄C1) , (2.2)

where �LO denotes the LO value, C1 is a process-dependent coe�cient that encodes
the interference between the NLO amplitudes involving Ÿ⁄ and the LO ones, while ZH

corresponds to the universal resummed wave-function renormalization and is explicitly
given by

ZH = 1
1 ≠ Ÿ

2
⁄
”ZH

, with ”ZH = ≠
9
16

Gµm
2
H

Ô
2fi2

A
2fi

3
Ô

3
≠ 1

B

ƒ ≠0.00154 . (2.3)

The impact of a deviation ”Ÿ⁄ © Ÿ⁄ ≠ 1 from the SM value of the trilinear Higgs self-
coupling is therefore

”� ©
�NLO

�NLO(Ÿ⁄ = 1) ≠ 1 ƒ (C1 + 2”ZH)”Ÿ⁄ + ”ZH”Ÿ
2
⁄

, (2.4)

up to subleading corrections of higher orders in ”ZH and C1.4 The linear approximation
in ”Ÿ⁄ is usually accurate enough to describe the deviations in single Higgs processes
inside the typical constraint range |”Ÿ⁄| . 5. We will nevertheless use the unexpanded
”� expressions throughout this paper to derive numerical results.

4We checked explicitly that the one-loop squared term of order ”Ÿ
2
⁄

is subdominant compared to the
”ZH”Ÿ

2
⁄

one.
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Chinese Physics C Vol. 40, No. 3 (2016) 033001

which is produced by two virtual neutral vector bosons,
named the “ZZ” process.

A further restriction can be applied to these two
types. If there is e± together with its neutrino and an on-
shell W boson in the final state, this type is named the
“Single W” process; Meanwhile, if there is an electron-
positron pair and an on-shell Z boson in the final state,
this case is named the “Single Z”. Some final states con-
sist of two mutually charge-conjugated fermion pairs,
which could be from both virtual WW or ZZ; this type
is called the “mixed type”.

The typical structure of Feynman diagrams for the
WW type is listed in Fig. 8; the final states could be
produced through an intermediate W pair or W boson
radiation. Further, the actual number of the Feynman
diagrams is listed in Table. 3. The numbers in bold

font are the general WW processes, which means there
are two pairs of fermions in the final state without iden-
tical particles. The ordinary font and italic font describe
the single W and mixed processes, respectively. The ZZ
type has a similar structure to the WW type, and Ref.
[25] is a good reference for details.

Fig. 9. (color online) The cross sections of major
SM processes with ISR effect taken into account.

6 Summary

In summary, the cross sections of major Standard
Model processes, including Higgs production as well as
the major backgrounds, are plotted in Fig. 9, where the
ISR effect has been taken into account.

In addition, the numerical results of these processes
are listed in Table 4, as well as the expected number
of events for a total luminosity of 5 ab−1 for a 10-year
run. Based on the cross sections, the Monte-Carlo sam-
ples for Higgs analysis at CEPC have been generated by
Whizard.

Table 4. Cross sections and numbers of events ex-
pected at 250 GeV for CEPC.

process cross section No. of events in 5 ab−1

higgs production cross section in fb

e+e− →ZH 212 1.06×106

e+e− →νν̄H 6.27 3.36×104

e+e− → e+e−H 0.63 3.15×103

total 219 1.10×106

background cross sections in pb

e+e− → e+e− 25.1 1.3×108

e+e− → qq 50.2 2.5×108

e+e− → µµ (or ττ) 4.40 2.2×107

e+e− →WW 15.4 7.7×107

e+e− →ZZ 1.03 5.2×106

e+e− → eeZ 4.73 2.4×107

e+e− → eνW 5.14 2.6×107

In this paper, the cross sections of Higgs production
and the background processes at the CEPC have been
evaluated and the classification of the MC samples dis-
cussed. Most of the processes have been well calculated
by Whizard. Bhabha processes should be studied more
carefully in the future.

It is worth noting that there are several differences
compared with previous studies for the ILC. First, CEPC
and ILC have completely different environments. The
beamstrahlung effect is much weaker (typically 2 orders
of magnitude) at the CEPC, which leads to a negligible
correction to the CEPC energy spread. Second, although
250 GeV has been investigated for our physics interests
in this paper, the methods and tools could also be used
at various other energy points, for example 240 GeV, at
which the physics interests and project concerns could
both be satisfied. Additionally, the SM backgrounds
have been investigated more carefully than for the ILC
project. All these prospects have been investigated for
the CEPC in this paper.

033001-5

ZH Higgsstrahlung
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Figure 1: One-loop diagrams involving the trilinear Higgs coupling contributing to the main
single Higgs production processes: e

+
e

≠
æ hZ (top row) and e

+
e

≠
æ ‹‹̄h (middle row).

The Higgs self-energy diagram (bottom) gives a universal modification to all Higgs production
processes via wave function renormalization.

Following Ref. [26], we can parametrize the NLO corrections to an observable � in a
process involving a single external Higgs field as

�NLO = ZH�LO(1 + Ÿ⁄C1) , (2.2)

where �LO denotes the LO value, C1 is a process-dependent coe�cient that encodes
the interference between the NLO amplitudes involving Ÿ⁄ and the LO ones, while ZH

corresponds to the universal resummed wave-function renormalization and is explicitly
given by

ZH = 1
1 ≠ Ÿ

2
⁄
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, with ”ZH = ≠
9
16
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2
H

Ô
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A
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3
Ô

3
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ƒ ≠0.00154 . (2.3)

The impact of a deviation ”Ÿ⁄ © Ÿ⁄ ≠ 1 from the SM value of the trilinear Higgs self-
coupling is therefore

”� ©
�NLO

�NLO(Ÿ⁄ = 1) ≠ 1 ƒ (C1 + 2”ZH)”Ÿ⁄ + ”ZH”Ÿ
2
⁄

, (2.4)

up to subleading corrections of higher orders in ”ZH and C1.4 The linear approximation
in ”Ÿ⁄ is usually accurate enough to describe the deviations in single Higgs processes
inside the typical constraint range |”Ÿ⁄| . 5. We will nevertheless use the unexpanded
”� expressions throughout this paper to derive numerical results.

4We checked explicitly that the one-loop squared term of order ”Ÿ
2
⁄

is subdominant compared to the
”ZH”Ÿ

2
⁄

one.
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Higgs self-coupling at low energies
· NLO sensitivity (finite and gauge-invariant NLO EW subset)
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In this appendix we collect the numerical values of the coe�cients C1, defined in
Eq. (2.2), which encode the corrections to single-Higgs processes due to a deformation of
the Higgs trilinear coupling. In Table 5 we report the C1 coe�cients for the total cross-
section of the main single-Higgs production modes, namely Higgsstrahlung, vector-boson
fusion and associated production with top quarks. Several values of the center-of-mass
energy

Ô
s are reported in the table, corresponding to the benchmark runs of future lepton

colliders considered in main text. The calculation has been performed with the help of
the public tools FeynArts, FormCalc, LoopTools, and CUBA [41–43].
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Figure 1: One-loop diagrams involving the trilinear Higgs coupling contributing to the main
single Higgs production processes: e

+
e

≠
æ hZ (top row) and e

+
e

≠
æ ‹‹̄h (middle row).

The Higgs self-energy diagram (bottom) gives a universal modification to all Higgs production
processes via wave function renormalization.

Following Ref. [26], we can parametrize the NLO corrections to an observable � in a
process involving a single external Higgs field as

�NLO = ZH�LO(1 + Ÿ⁄C1) , (2.2)

where �LO denotes the LO value, C1 is a process-dependent coe�cient that encodes
the interference between the NLO amplitudes involving Ÿ⁄ and the LO ones, while ZH

corresponds to the universal resummed wave-function renormalization and is explicitly
given by

ZH = 1
1 ≠ Ÿ

2
⁄
”ZH

, with ”ZH = ≠
9
16

Gµm
2
H

Ô
2fi2

A
2fi

3
Ô

3
≠ 1

B

ƒ ≠0.00154 . (2.3)

The impact of a deviation ”Ÿ⁄ © Ÿ⁄ ≠ 1 from the SM value of the trilinear Higgs self-
coupling is therefore

”� ©
�NLO

�NLO(Ÿ⁄ = 1) ≠ 1 ƒ (C1 + 2”ZH)”Ÿ⁄ + ”ZH”Ÿ
2
⁄

, (2.4)

up to subleading corrections of higher orders in ”ZH and C1.4 The linear approximation
in ”Ÿ⁄ is usually accurate enough to describe the deviations in single Higgs processes
inside the typical constraint range |”Ÿ⁄| . 5. We will nevertheless use the unexpanded
”� expressions throughout this paper to derive numerical results.

4We checked explicitly that the one-loop squared term of order ”Ÿ
2
⁄

is subdominant compared to the
”ZH”Ÿ

2
⁄

one.
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The NLO corrections to an observable Σ (e.g. σ(HZ)) 

The impact of a deviation δκλ from the SM value 

Process dependent coefficient 
Universal  coefficient 

δZH ~ -0.00154

arXiv:1711.03978
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The 2 ways to perform 𝞴HHH measurement 

1. an exclusive analysis of single Higgs processes at higher order, considering only 
deformation of the Higgs cubic coupling ➔ a one-dimensional EFT fit 

2. a global analysis of single Higgs processes at higher order, considering also all possible 
deformations of the single Higgs couplings ➔ a multi-parameter EFT fit

Robust bounds can be obtained

below the double Higgs boson production threshold 

- (6) corrections to the Higgs boson couplings to the gauge bosons  
- (5) corrections to the Yukawa couplings 
- (1) correction to trilinear gauge couplings 
- (1) correction to the trilinear Higgs boson self-coupling 

In the SMEFTEWPO mostly used in the following, the perfect EW constraints(*) are 
assumed and 12+1 parameters are fitted:

(*) any new physics contributions to the EW precision observables  are bounded to be exactly zero, after running at  FCC-ee(Z), this assumption is *almost* verified 



15LLR / FCC-France Workshop 14-15 May 2020 Roberto Salerno

Table 29. Expected relative precision (%) of the k parameters in the kappa-2 (standalone collider) scenario described in
section 2 for future accelerators beyond the LHC era. The corresponding 95%CL upper limits on BRunt and BRinv and the
derived constraint on the Higgs width (in %) are also given. Cases in which a particular parameter has been fixed to the SM
value due to lack of sensitivity are shown with a dash (-). An asterisk (⇤) indicates the cases in which a parameter has been left
free in the fit due to lack of input in the reference documentation. The integrated luminosity and running conditions considered
for each collider in this comparison are described in Table 1. FCC-ee/eh/hh corresponds to the combined performance of
FCC-ee240+FCC-ee365, FCC-eh and FCC-hh.

kappa-2 scenario ILC250 ILC500 ILC1000 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee365 FCC-ee/eh/hh
kW [%] 1.8 0.31 0.26 0.86 0.39 0.38 1.3 1.3 0.44 0.2
kZ [%] 0.3 0.24 0.24 0.5 0.39 0.39 0.19 0.21 0.18 0.17
kg [%] 2.3 0.98 0.67 2.5 1.3 0.96 1.5 1.7 1.0 0.52
kg [%] 6.8 3.5 1.9 88.⇤ 5. 2.3 3.7 4.8 3.9 0.32
kZg [%] 87.⇤ 75.⇤ 74.⇤ 110.⇤ 15. 7. 8.2 71.⇤ 66.⇤ 0.71
kc [%] 2.5 1.3 0.91 4.4 1.9 1.4 2.2 1.8 1.3 0.96
kt [%] - 6.9 1.6 - - 2.7 - - - 1.0
kb [%] 1.8 0.6 0.5 1.9 0.6 0.52 1.3 1.3 0.69 0.48
kµ [%] 15. 9.4 6.3 290.⇤ 13. 5.9 9. 10. 8.9 0.43
kt [%] 1.9 0.72 0.58 3.1 1.3 0.95 1.4 1.4 0.74 0.49

BRinv (<%, 95% CL) 0.26 0.23 0.23 0.65 0.65 0.65 0.28 0.22 0.19 0.024
BRunt (<%, 95% CL) 1.8 1.4 1.3 2.7 2.4 2.4 1.1 1.2 1.1 1.0

Table 30. Results of kappa-0-HL fit for various scenarios of the FCC. In all cases the FCC data are combined with HL-LHC.
The "4 IP" option considers 4 experiments instead of the 2 experiments considered in the CDR. For the FCC-hh scenario
constraints on the b, t and W couplings come from measurements of ratios of WH to WZ production with the H and Z
decaying to b-quarks or t leptons, see Ref. [139].

kappa-0-HL HL+FCC-ee240 HL+FCC-ee HL+FCC-ee (4 IP) HL+FCC-ee/hh HL+FCC-eh/hh HL+FCC-hh HL+FCC-ee/eh/hh

kW [%] 0.86 0.38 0.23 0.27 0.17 0.39 0.14
kZ [%] 0.15 0.14 0.094 0.13 0.27 0.63 0.12
kg[%] 1.1 0.88 0.59 0.55 0.56 0.74 0.46
kg [%] 1.3 1.2 1.1 0.29 0.32 0.56 0.28
kZg [%] 10. 10. 10. 0.7 0.71 0.89 0.68
kc[%] 1.5 1.3 0.88 1.2 1.2 � 0.94
kt [%] 3.1 3.1 3.1 0.95 0.95 0.99 0.95
kb[%] 0.94 0.59 0.44 0.5 0.52 0.99 0.41
kµ [%] 4. 3.9 3.3 0.41 0.45 0.68 0.41
kt [%] 0.9 0.61 0.39 0.49 0.63 0.9 0.42

GH [%] 1.6 0.87 0.55 0.67 0.61 1.3 0.44

when a dedicated Z running period is considered. Table 33 shows the effective Higgs boson couplings with and without Giga-Z
running for the ILC and CLIC. It is seen that for ILC250 a Giga-Z running improves the H couplings to vector bosons by about
30%, and for other couplings the improvement is much smaller. For ILC500 and CLIC380 the impact of dedicated Giga-Z
running is low, except for the precision on the TGC parameter dkg .

Table 34 shows the impact of the Giga-Z running on the precision on the effective couplings of the Z boson to fermions. In
many cases, the impact is significant, improving the precision by up to a factor of ⇠ 4. Also shown are the results expected
for CEPC and FCC-ee. In most cases, CEPC and FCC-ee achieve the highest precision. A notable exception is the top quark
coupling which is best constrained by the ILC500.

It is also interesting to compare the highest energy options closely. This is done in Table 35. In all cases, it is assumed that
the colliders also include a Giga-Z run of 1-3 years [4, 11].

After the Granada meeting, it was also studied what could be achieved with a hadron-hadron collider with
p

s = 37.5 TeV
and L = 15 ab�1, in conjunction with one of the e+e� colliders [10]. This is shown in Table. 36 compared to the nominal
FCC-hh in combination with the various e+e� colliders. For most coupling parameters the sensitivity of the 37.5 TeV collider
is degraded by about a factor 1.5�2 w.r.t. the 100 TeV collider, except for Zg where it is a factor of 5. For kZ and kc there is
no difference as both are very much dominated by the lepton collider sensitivity.
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The optimal set of variables

➔ The ZH Higgsstrahlung rate
➔ The VBF rate 
➔ The full angular distributions  

   3 angles and 2 masses fully characterise ee➞ZH➞Hff 
➔ The decay modes: ZZ,WW, γγ, Zγ, ττ, bb, gg, cc, μμ  
           H→Zγ decay, not very constraining for the SM hZγ coupling, but  resolve  
           the degeneracies of EFT parameters in the production processes 
➔ Weak boson rate and distributions

Zh
✓2

e+

e�

�

`+

`�

✓1 z

Figure 2: Definition of the � = {◊1, ◊2, „} angles in a e+e≠
æ hZ event (taken from

Ref. [31]). Note the two polar angles are respectively defined in the center-of-mass and Z
restframes.

by beam polarization. Reversing the polarization also flips the sign of the cZ“ and c“⇤
prefactors, given the opposite signs of the left- and right-handed couplings of the Z to
electrons.

Angular asymmetries

Three angles and two invariant masses fully characterize the di�erential distribution of the
e+e≠

æ hZ æ hff̄ process (see Fig. 2). It naturally provides information complementary
to that of the total rate alone. The e�ective-field-theory contributions to the angular
distributions have been thoroughly studied in Ref. [29]. At tree level and linear order
in the e�ective-field-theory parameters, they can all be captured through the following
asymmetries:

A◊1 = 1
‡

⁄

d � sgn{cos(2◊1)}
d ‡

d � ,

A
(1)

„
= 1

‡

⁄

d � sgn{sin „}
d ‡

d � ,

A
(2)

„
= 1

‡

⁄

d � sgn{sin(2„)} d ‡

d � ,

A
(3)

„
= 1

‡

⁄

d � sgn{cos „}
d ‡

d � ,

A
(4)

„
= 1

‡

⁄

d � sgn{cos(2„)} d ‡

d � ,

Ac◊1,c◊2 = 1
‡

⁄

d � sgn{cos ◊1 cos ◊2}
d ‡

d � , (3.2)

where � = {◊1, ◊2, „} and the sgn function gives the sign of its argument. Among these
asymmetries, A

(1)

„
and A

(2)

„
are sensitive to CP-violating parameters (or absorptive parts

of amplitude), while A◊1 and A
(4)

„
depend on the same combination of operator coe�-

cients. In the absence of CP violation, the angular observables therefore provide three
independent constraints on e�ective-field-theory parameters. The corresponding Higgs-
basis expressions are provided in Appendix D.

A phenomenological study of these angular asymmetries at circular e+e≠ colliders
has been performed in Ref. [31]. In particular, it was shown that the uncertainties on

11

Not all of them used yet in all the projections

lack of sensitivity are shown with a dash (-). Examples of this are kc, not accessible at HL-LHC and HE-LHC, and kt , only
accessible above the ttH/tH threshold. Not all colliders reported results for all possible decay modes in the original reference
documentation listed in Table1, the most evident example of this being the Zg channel. In this standalone collider scenario, the
corresponding parameters were left to float in the fits. They are indicated with ⇤ in the tables.

This kappa-0 scenario can be expanded to account for invisible decays (kappa-1) and invisible and untagged decays
(kappa-2), still considering individual colliders in a standalone way. The overall effect of this additional width is a slight
worsening of the precision of the kappa parameters from the kappa-0 scenario to the kappa-1, and further on to the kappa-2. It
is most noticeable for kW , kZ and kb. For comparison of the total impact, the kappa-2 scenario results can be found in Tables 28
and 29 in Appendix E.

Table 3. Expected relative precision (%) of the k parameters in the kappa-0 scenario described in Section 2 for future
accelerators. Colliders are considered independently, not in combination with the HL-LHC. No BSM width is allowed in the fit:
both BRunt and BRinv are set to 0, and therefore kV is not constrained. Cases in which a particular parameter has been fixed to
the SM value due to lack of sensitivity are shown with a dash (-). A star (?) indicates the cases in which a parameter has been
left free in the fit due to lack of input in the reference documentation. The integrated luminosity and running conditions
considered for each collider in this comparison are described in Table 1. FCC-ee/eh/hh corresponds to the combined
performance of FCC-ee240+FCC-ee365, FCC-eh and FCC-hh. In the case of HE-LHC, two theoretical uncertainty scenarios (S2
and S20) [13] are given for comparison.

kappa-0 HL-LHC LHeC HE-LHC ILC CLIC CEPC FCC-ee FCC-ee/eh/hh
S2 S20 250 500 1000 380 15000 3000 240 365

kW [%] 1.7 0.75 1.4 0.98 1.8 0.29 0.24 0.86 0.16 0.11 1.3 1.3 0.43 0.14
kZ [%] 1.5 1.2 1.3 0.9 0.29 0.23 0.22 0.5 0.26 0.23 0.14 0.20 0.17 0.12
kg [%] 2.3 3.6 1.9 1.2 2.3 0.97 0.66 2.5 1.3 0.9 1.5 1.7 1.0 0.49
kg [%] 1.9 7.6 1.6 1.2 6.7 3.4 1.9 98? 5.0 2.2 3.7 4.7 3.9 0.29
kZg [%] 10. � 5.7 3.8 99? 86? 85? 120? 15 6.9 8.2 81? 75? 0.69
kc [%] � 4.1 � � 2.5 1.3 0.9 4.3 1.8 1.4 2.2 1.8 1.3 0.95
kt [%] 3.3 � 2.8 1.7 � 6.9 1.6 � � 2.7 � � � 1.0
kb [%] 3.6 2.1 3.2 2.3 1.8 0.58 0.48 1.9 0.46 0.37 1.2 1.3 0.67 0.43
kµ [%] 4.6 � 2.5 1.7 15 9.4 6.2 320? 13 5.8 8.9 10 8.9 0.41
kt [%] 1.9 3.3 1.5 1.1 1.9 0.70 0.57 3.0 1.3 0.88 1.3 1.4 0.73 0.44

Table 4 shows the expected precision of the k parameters in the final benchmark scenario discussed in this paper in which
95% CL limits on BRunt and BRinv are set, for the three possibilities using the LHC tunnel: HL-LHC, LHeC, and HE-LHC.
The results correspond to the kappa-3 scenario.

As discussed before, for these hadron colliders a constraint on |kV |1 is applied in this case, as no direct access to the
Higgs width is possible.

Table 5 shows the corresponding kappa-3 scenario for the different lepton colliders and a final FCC-ee/eh/hh combination,
all combined with the HL-LHC results. The integrated luminosity and running conditions considered for each collider in this
comparison are taken for Table 1. The constraints on GH derived from the fit parameters using Eq. 4 are discussed in detail in
Section 7. In this case when HL-LHC is combined with a lepton collider the assumption |kV |1 is not longer necessary, and
therefore it is not used as a constrain in these kappa-3 fits. For those particular analyses not reported in the original reference
documentation listed in Table 1 (e.g. kZg ) the HL-LHC prospects drive the combination. They are indicated with ⇤ in the tables.

We have examined the correlations of the lepton collider kappa-3 fits. In the initial stage of ILC (ILC250), kW , kg, kb, kt and
kt show sizeable correlations (> 70%), with the largest corresponding to kb and kt (93%). There is practically no correlation
between kW and kZ (8%). The untagged branching fraction is not particularly correlated with the couplings, with the largest
correlation corresponding to kZ (50%), and an anti correlation (-20%) seen for kZg where the only information comes from
the HL-LHC data. In the case of FCC-ee365, we see a slight correlation between kZ and kW (30%), and a similar correlation
between these and the untagged branching fraction (30-50%). The correlations between kb, kt , kg and kW are mild, with the
largest value corresponding once again to kb and kt (74%). In this case there is also no strong correlation between the untagged
branching fraction and the couplings, with the largest correlation corresponding to kZ (50%), followed by kb (30%). Again an
anti correlation (-20%) is seen for kZg . For CLIC3000 the situation is markedly different, with large correlations between kZ and
kW (80%), and between the untagged branching fraction and kZ , kW and kb (90%, 80%, 70% respectively). The correlations
between kb, kZ , kt , kg and kW are not negligible, with the highest corresponding to kb and kW (70%). In this case, kb and kt
are correlated to 45%. These correlations can be seen graphically in Figure 14 in the Appendix.

The results of the kappa-3 benchmark scenario are also presented graphically in Figure 2. Note that while hadron colliders
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Table 29. Expected relative precision (%) of the k parameters in the kappa-2 (standalone collider) scenario described in
section 2 for future accelerators beyond the LHC era. The corresponding 95%CL upper limits on BRunt and BRinv and the
derived constraint on the Higgs width (in %) are also given. Cases in which a particular parameter has been fixed to the SM
value due to lack of sensitivity are shown with a dash (-). An asterisk (⇤) indicates the cases in which a parameter has been left
free in the fit due to lack of input in the reference documentation. The integrated luminosity and running conditions considered
for each collider in this comparison are described in Table 1. FCC-ee/eh/hh corresponds to the combined performance of
FCC-ee240+FCC-ee365, FCC-eh and FCC-hh.

kappa-2 scenario ILC250 ILC500 ILC1000 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee365 FCC-ee/eh/hh
kW [%] 1.8 0.31 0.26 0.86 0.39 0.38 1.3 1.3 0.44 0.2
kZ [%] 0.3 0.24 0.24 0.5 0.39 0.39 0.19 0.21 0.18 0.17
kg [%] 2.3 0.98 0.67 2.5 1.3 0.96 1.5 1.7 1.0 0.52
kg [%] 6.8 3.5 1.9 88.⇤ 5. 2.3 3.7 4.8 3.9 0.32
kZg [%] 87.⇤ 75.⇤ 74.⇤ 110.⇤ 15. 7. 8.2 71.⇤ 66.⇤ 0.71
kc [%] 2.5 1.3 0.91 4.4 1.9 1.4 2.2 1.8 1.3 0.96
kt [%] - 6.9 1.6 - - 2.7 - - - 1.0
kb [%] 1.8 0.6 0.5 1.9 0.6 0.52 1.3 1.3 0.69 0.48
kµ [%] 15. 9.4 6.3 290.⇤ 13. 5.9 9. 10. 8.9 0.43
kt [%] 1.9 0.72 0.58 3.1 1.3 0.95 1.4 1.4 0.74 0.49

BRinv (<%, 95% CL) 0.26 0.23 0.23 0.65 0.65 0.65 0.28 0.22 0.19 0.024
BRunt (<%, 95% CL) 1.8 1.4 1.3 2.7 2.4 2.4 1.1 1.2 1.1 1.0

Table 30. Results of kappa-0-HL fit for various scenarios of the FCC. In all cases the FCC data are combined with HL-LHC.
The "4 IP" option considers 4 experiments instead of the 2 experiments considered in the CDR. For the FCC-hh scenario
constraints on the b, t and W couplings come from measurements of ratios of WH to WZ production with the H and Z
decaying to b-quarks or t leptons, see Ref. [139].

kappa-0-HL HL+FCC-ee240 HL+FCC-ee HL+FCC-ee (4 IP) HL+FCC-ee/hh HL+FCC-eh/hh HL+FCC-hh HL+FCC-ee/eh/hh

kW [%] 0.86 0.38 0.23 0.27 0.17 0.39 0.14
kZ [%] 0.15 0.14 0.094 0.13 0.27 0.63 0.12
kg[%] 1.1 0.88 0.59 0.55 0.56 0.74 0.46
kg [%] 1.3 1.2 1.1 0.29 0.32 0.56 0.28
kZg [%] 10. 10. 10. 0.7 0.71 0.89 0.68
kc[%] 1.5 1.3 0.88 1.2 1.2 � 0.94
kt [%] 3.1 3.1 3.1 0.95 0.95 0.99 0.95
kb[%] 0.94 0.59 0.44 0.5 0.52 0.99 0.41
kµ [%] 4. 3.9 3.3 0.41 0.45 0.68 0.41
kt [%] 0.9 0.61 0.39 0.49 0.63 0.9 0.42

GH [%] 1.6 0.87 0.55 0.67 0.61 1.3 0.44

when a dedicated Z running period is considered. Table 33 shows the effective Higgs boson couplings with and without Giga-Z
running for the ILC and CLIC. It is seen that for ILC250 a Giga-Z running improves the H couplings to vector bosons by about
30%, and for other couplings the improvement is much smaller. For ILC500 and CLIC380 the impact of dedicated Giga-Z
running is low, except for the precision on the TGC parameter dkg .

Table 34 shows the impact of the Giga-Z running on the precision on the effective couplings of the Z boson to fermions. In
many cases, the impact is significant, improving the precision by up to a factor of ⇠ 4. Also shown are the results expected
for CEPC and FCC-ee. In most cases, CEPC and FCC-ee achieve the highest precision. A notable exception is the top quark
coupling which is best constrained by the ILC500.

It is also interesting to compare the highest energy options closely. This is done in Table 35. In all cases, it is assumed that
the colliders also include a Giga-Z run of 1-3 years [4, 11].

After the Granada meeting, it was also studied what could be achieved with a hadron-hadron collider with
p

s = 37.5 TeV
and L = 15 ab�1, in conjunction with one of the e+e� colliders [10]. This is shown in Table. 36 compared to the nominal
FCC-hh in combination with the various e+e� colliders. For most coupling parameters the sensitivity of the 37.5 TeV collider
is degraded by about a factor 1.5�2 w.r.t. the 100 TeV collider, except for Zg where it is a factor of 5. For kZ and kc there is
no difference as both are very much dominated by the lepton collider sensitivity.
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Table 29. Expected relative precision (%) of the k parameters in the kappa-2 (standalone collider) scenario described in
section 2 for future accelerators beyond the LHC era. The corresponding 95%CL upper limits on BRunt and BRinv and the
derived constraint on the Higgs width (in %) are also given. Cases in which a particular parameter has been fixed to the SM
value due to lack of sensitivity are shown with a dash (-). An asterisk (⇤) indicates the cases in which a parameter has been left
free in the fit due to lack of input in the reference documentation. The integrated luminosity and running conditions considered
for each collider in this comparison are described in Table 1. FCC-ee/eh/hh corresponds to the combined performance of
FCC-ee240+FCC-ee365, FCC-eh and FCC-hh.

kappa-2 scenario ILC250 ILC500 ILC1000 CLIC380 CLIC1500 CLIC3000 CEPC FCC-ee240 FCC-ee365 FCC-ee/eh/hh
kW [%] 1.8 0.31 0.26 0.86 0.39 0.38 1.3 1.3 0.44 0.2
kZ [%] 0.3 0.24 0.24 0.5 0.39 0.39 0.19 0.21 0.18 0.17
kg [%] 2.3 0.98 0.67 2.5 1.3 0.96 1.5 1.7 1.0 0.52
kg [%] 6.8 3.5 1.9 88.⇤ 5. 2.3 3.7 4.8 3.9 0.32
kZg [%] 87.⇤ 75.⇤ 74.⇤ 110.⇤ 15. 7. 8.2 71.⇤ 66.⇤ 0.71
kc [%] 2.5 1.3 0.91 4.4 1.9 1.4 2.2 1.8 1.3 0.96
kt [%] - 6.9 1.6 - - 2.7 - - - 1.0
kb [%] 1.8 0.6 0.5 1.9 0.6 0.52 1.3 1.3 0.69 0.48
kµ [%] 15. 9.4 6.3 290.⇤ 13. 5.9 9. 10. 8.9 0.43
kt [%] 1.9 0.72 0.58 3.1 1.3 0.95 1.4 1.4 0.74 0.49

BRinv (<%, 95% CL) 0.26 0.23 0.23 0.65 0.65 0.65 0.28 0.22 0.19 0.024
BRunt (<%, 95% CL) 1.8 1.4 1.3 2.7 2.4 2.4 1.1 1.2 1.1 1.0

Table 30. Results of kappa-0-HL fit for various scenarios of the FCC. In all cases the FCC data are combined with HL-LHC.
The "4 IP" option considers 4 experiments instead of the 2 experiments considered in the CDR. For the FCC-hh scenario
constraints on the b, t and W couplings come from measurements of ratios of WH to WZ production with the H and Z
decaying to b-quarks or t leptons, see Ref. [139].

kappa-0-HL HL+FCC-ee240 HL+FCC-ee HL+FCC-ee (4 IP) HL+FCC-ee/hh HL+FCC-eh/hh HL+FCC-hh HL+FCC-ee/eh/hh

kW [%] 0.86 0.38 0.23 0.27 0.17 0.39 0.14
kZ [%] 0.15 0.14 0.094 0.13 0.27 0.63 0.12
kg[%] 1.1 0.88 0.59 0.55 0.56 0.74 0.46
kg [%] 1.3 1.2 1.1 0.29 0.32 0.56 0.28
kZg [%] 10. 10. 10. 0.7 0.71 0.89 0.68
kc[%] 1.5 1.3 0.88 1.2 1.2 � 0.94
kt [%] 3.1 3.1 3.1 0.95 0.95 0.99 0.95
kb[%] 0.94 0.59 0.44 0.5 0.52 0.99 0.41
kµ [%] 4. 3.9 3.3 0.41 0.45 0.68 0.41
kt [%] 0.9 0.61 0.39 0.49 0.63 0.9 0.42

GH [%] 1.6 0.87 0.55 0.67 0.61 1.3 0.44

when a dedicated Z running period is considered. Table 33 shows the effective Higgs boson couplings with and without Giga-Z
running for the ILC and CLIC. It is seen that for ILC250 a Giga-Z running improves the H couplings to vector bosons by about
30%, and for other couplings the improvement is much smaller. For ILC500 and CLIC380 the impact of dedicated Giga-Z
running is low, except for the precision on the TGC parameter dkg .

Table 34 shows the impact of the Giga-Z running on the precision on the effective couplings of the Z boson to fermions. In
many cases, the impact is significant, improving the precision by up to a factor of ⇠ 4. Also shown are the results expected
for CEPC and FCC-ee. In most cases, CEPC and FCC-ee achieve the highest precision. A notable exception is the top quark
coupling which is best constrained by the ILC500.

It is also interesting to compare the highest energy options closely. This is done in Table 35. In all cases, it is assumed that
the colliders also include a Giga-Z run of 1-3 years [4, 11].

After the Granada meeting, it was also studied what could be achieved with a hadron-hadron collider with
p

s = 37.5 TeV
and L = 15 ab�1, in conjunction with one of the e+e� colliders [10]. This is shown in Table. 36 compared to the nominal
FCC-hh in combination with the various e+e� colliders. For most coupling parameters the sensitivity of the 37.5 TeV collider
is degraded by about a factor 1.5�2 w.r.t. the 100 TeV collider, except for Zg where it is a factor of 5. For kZ and kc there is
no difference as both are very much dominated by the lepton collider sensitivity.
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lack of sensitivity are shown with a dash (-). Examples of this are kc, not accessible at HL-LHC and HE-LHC, and kt , only
accessible above the ttH/tH threshold. Not all colliders reported results for all possible decay modes in the original reference
documentation listed in Table1, the most evident example of this being the Zg channel. In this standalone collider scenario, the
corresponding parameters were left to float in the fits. They are indicated with ⇤ in the tables.

This kappa-0 scenario can be expanded to account for invisible decays (kappa-1) and invisible and untagged decays
(kappa-2), still considering individual colliders in a standalone way. The overall effect of this additional width is a slight
worsening of the precision of the kappa parameters from the kappa-0 scenario to the kappa-1, and further on to the kappa-2. It
is most noticeable for kW , kZ and kb. For comparison of the total impact, the kappa-2 scenario results can be found in Tables 28
and 29 in Appendix E.

Table 3. Expected relative precision (%) of the k parameters in the kappa-0 scenario described in Section 2 for future
accelerators. Colliders are considered independently, not in combination with the HL-LHC. No BSM width is allowed in the fit:
both BRunt and BRinv are set to 0, and therefore kV is not constrained. Cases in which a particular parameter has been fixed to
the SM value due to lack of sensitivity are shown with a dash (-). A star (?) indicates the cases in which a parameter has been
left free in the fit due to lack of input in the reference documentation. The integrated luminosity and running conditions
considered for each collider in this comparison are described in Table 1. FCC-ee/eh/hh corresponds to the combined
performance of FCC-ee240+FCC-ee365, FCC-eh and FCC-hh. In the case of HE-LHC, two theoretical uncertainty scenarios (S2
and S20) [13] are given for comparison.

kappa-0 HL-LHC LHeC HE-LHC ILC CLIC CEPC FCC-ee FCC-ee/eh/hh
S2 S20 250 500 1000 380 15000 3000 240 365

kW [%] 1.7 0.75 1.4 0.98 1.8 0.29 0.24 0.86 0.16 0.11 1.3 1.3 0.43 0.14
kZ [%] 1.5 1.2 1.3 0.9 0.29 0.23 0.22 0.5 0.26 0.23 0.14 0.20 0.17 0.12
kg [%] 2.3 3.6 1.9 1.2 2.3 0.97 0.66 2.5 1.3 0.9 1.5 1.7 1.0 0.49
kg [%] 1.9 7.6 1.6 1.2 6.7 3.4 1.9 98? 5.0 2.2 3.7 4.7 3.9 0.29
kZg [%] 10. � 5.7 3.8 99? 86? 85? 120? 15 6.9 8.2 81? 75? 0.69
kc [%] � 4.1 � � 2.5 1.3 0.9 4.3 1.8 1.4 2.2 1.8 1.3 0.95
kt [%] 3.3 � 2.8 1.7 � 6.9 1.6 � � 2.7 � � � 1.0
kb [%] 3.6 2.1 3.2 2.3 1.8 0.58 0.48 1.9 0.46 0.37 1.2 1.3 0.67 0.43
kµ [%] 4.6 � 2.5 1.7 15 9.4 6.2 320? 13 5.8 8.9 10 8.9 0.41
kt [%] 1.9 3.3 1.5 1.1 1.9 0.70 0.57 3.0 1.3 0.88 1.3 1.4 0.73 0.44

Table 4 shows the expected precision of the k parameters in the final benchmark scenario discussed in this paper in which
95% CL limits on BRunt and BRinv are set, for the three possibilities using the LHC tunnel: HL-LHC, LHeC, and HE-LHC.
The results correspond to the kappa-3 scenario.

As discussed before, for these hadron colliders a constraint on |kV |1 is applied in this case, as no direct access to the
Higgs width is possible.

Table 5 shows the corresponding kappa-3 scenario for the different lepton colliders and a final FCC-ee/eh/hh combination,
all combined with the HL-LHC results. The integrated luminosity and running conditions considered for each collider in this
comparison are taken for Table 1. The constraints on GH derived from the fit parameters using Eq. 4 are discussed in detail in
Section 7. In this case when HL-LHC is combined with a lepton collider the assumption |kV |1 is not longer necessary, and
therefore it is not used as a constrain in these kappa-3 fits. For those particular analyses not reported in the original reference
documentation listed in Table 1 (e.g. kZg ) the HL-LHC prospects drive the combination. They are indicated with ⇤ in the tables.

We have examined the correlations of the lepton collider kappa-3 fits. In the initial stage of ILC (ILC250), kW , kg, kb, kt and
kt show sizeable correlations (> 70%), with the largest corresponding to kb and kt (93%). There is practically no correlation
between kW and kZ (8%). The untagged branching fraction is not particularly correlated with the couplings, with the largest
correlation corresponding to kZ (50%), and an anti correlation (-20%) seen for kZg where the only information comes from
the HL-LHC data. In the case of FCC-ee365, we see a slight correlation between kZ and kW (30%), and a similar correlation
between these and the untagged branching fraction (30-50%). The correlations between kb, kt , kg and kW are mild, with the
largest value corresponding once again to kb and kt (74%). In this case there is also no strong correlation between the untagged
branching fraction and the couplings, with the largest correlation corresponding to kZ (50%), followed by kb (30%). Again an
anti correlation (-20%) is seen for kZg . For CLIC3000 the situation is markedly different, with large correlations between kZ and
kW (80%), and between the untagged branching fraction and kZ , kW and kb (90%, 80%, 70% respectively). The correlations
between kb, kZ , kt , kg and kW are not negligible, with the highest corresponding to kb and kW (70%). In this case, kb and kt
are correlated to 45%. These correlations can be seen graphically in Figure 14 in the Appendix.

The results of the kappa-3 benchmark scenario are also presented graphically in Figure 2. Note that while hadron colliders
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3.1.2 Modeling of invisible and untagged Higgs decays

The k-framework can be extended to allow for the possibility of Higgs boson decays to invisible or untagged BSM particles.
The existence of such decays increases the total width GH by a factor 1/(1�BRBSM), where BRBSM is the Higgs branching
fraction to such BSM particles. Higgs boson decays to BSM particles can be separated in two classes: decays into invisible
particles, which are experimentally directly constrained at all future colliders (e.g ZH,H ! invisible), and decays into all other
’untagged’ particles.

Reflecting this distinction we introduce two branching fraction parameters BRinv and BRunt so that:

GH =
GSM

H ·k2
H

1� (BRinv +BRunt)
, (4)

where k2
H is defined in Eq. (3).

For colliders that can directly measure the Higgs width, BRunt can be constrained together with ki and BRinv from a joint fit to
the data. For standalone fits to colliders that cannot, such as the HL-LHC, either an indirect measurement can be included, such
as from off-shell Higgs production, or additional theoretical assumptions must be introduced. A possible assumption is |kV |1
(V = W,Z), which is theoretically motivated as it holds in a wide class of BSM models albeit with some exceptions [26] (for
more details see [17], Section 10).

3.1.3 Fitting scenarios

To characterise the performance of future colliders in the k-framework, we defined four benchmark scenarios, which are listed
in Table 2. The goal of the kappa-0 benchmark is to present the constraining power of the k-framework under the assumption
that there exist no light BSM particles to which the Higgs boson can decay. The goal of benchmarks kappa-1,2 is to expose the
impact of allowing BSM Higgs decays, in combination with a measured or assumed constraint on the width of the Higgs, on
the standalone k results. Finally, the goal of the kappa-3 benchmark is to show the impact of combining the HL-LHC data with
each of the future accelerators. In all scenarios with BSM branching fractions, these branching fractions are constrained to be
positive definite.

Experimental uncertainties – defined as statistical uncertainties and, when provided, experimental systematic uncertainties,
background theory uncertainties and signal-acceptance related theory uncertainties – are included in all scenarios. Theory
uncertainties on the Higgs branching fractions predictions for all future colliders and uncertainties on production cross section
predictions for hadron colliders, as described in Section 2, are partially included; intrinsic theory uncertainties, arising from
missing higher-order corrections, are not included in any of the benchmarks, while parametric theory uncertainties arising from
the propagation of experimental errors on SM parameters are included in all scenarios. A detailed discussion and assessment of
the impact of theory uncertainties is given in Section 3.5.

Table 2. Definition of the benchmark scenarios used to characterize future colliders in the k-framework.

Scenario BRinv BRunt include HL-LHC

kappa-0 fixed at 0 fixed at 0 no

kappa-1 measured fixed at 0 no
kappa-2 measured measured no

kappa-3 measured measured yes

3.2 Results from the kappa-framework studies and comparison
The k-framework discussed in the previous section was validated comparing the results obtained with the scenarios described
as kappa-0 and kappa-1 to the original results presented by the Collaborations to the European Strategy. In general, good
agreement is found.

The results of the kappa-0 scenario described in the previous section are reported in Table 3. In this scenario, no additional
invisible or untagged branching ratio is allowed in the fits, and colliders are considered independently. This is the simplest
scenario considered in this report, and illustrates the power of the kappa framework to constrain new physics in general, and in
particular the potential to constrain new physics at the proposed new colliders discussed in this report. In general the precision
is at the per cent level, In the final stage of the future colliders a precision of the order of a few per-mille would reachable
for several couplings, for instance kW and kZ . Cases in which a particular parameter has been fixed to the SM value due to
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lack of sensitivity are shown with a dash (-). Examples of this are kc, not accessible at HL-LHC and HE-LHC, and kt , only
accessible above the ttH/tH threshold. Not all colliders reported results for all possible decay modes in the original reference
documentation listed in Table1, the most evident example of this being the Zg channel. In this standalone collider scenario, the
corresponding parameters were left to float in the fits. They are indicated with ⇤ in the tables.

This kappa-0 scenario can be expanded to account for invisible decays (kappa-1) and invisible and untagged decays
(kappa-2), still considering individual colliders in a standalone way. The overall effect of this additional width is a slight
worsening of the precision of the kappa parameters from the kappa-0 scenario to the kappa-1, and further on to the kappa-2. It
is most noticeable for kW , kZ and kb. For comparison of the total impact, the kappa-2 scenario results can be found in Tables 28
and 29 in Appendix E.

Table 3. Expected relative precision (%) of the k parameters in the kappa-0 scenario described in Section 2 for future
accelerators. Colliders are considered independently, not in combination with the HL-LHC. No BSM width is allowed in the fit:
both BRunt and BRinv are set to 0, and therefore kV is not constrained. Cases in which a particular parameter has been fixed to
the SM value due to lack of sensitivity are shown with a dash (-). A star (?) indicates the cases in which a parameter has been
left free in the fit due to lack of input in the reference documentation. The integrated luminosity and running conditions
considered for each collider in this comparison are described in Table 1. FCC-ee/eh/hh corresponds to the combined
performance of FCC-ee240+FCC-ee365, FCC-eh and FCC-hh. In the case of HE-LHC, two theoretical uncertainty scenarios (S2
and S20) [13] are given for comparison.

kappa-0 HL-LHC LHeC HE-LHC ILC CLIC CEPC FCC-ee FCC-ee/eh/hh
S2 S20 250 500 1000 380 15000 3000 240 365

kW [%] 1.7 0.75 1.4 0.98 1.8 0.29 0.24 0.86 0.16 0.11 1.3 1.3 0.43 0.14
kZ [%] 1.5 1.2 1.3 0.9 0.29 0.23 0.22 0.5 0.26 0.23 0.14 0.20 0.17 0.12
kg [%] 2.3 3.6 1.9 1.2 2.3 0.97 0.66 2.5 1.3 0.9 1.5 1.7 1.0 0.49
kg [%] 1.9 7.6 1.6 1.2 6.7 3.4 1.9 98? 5.0 2.2 3.7 4.7 3.9 0.29
kZg [%] 10. � 5.7 3.8 99? 86? 85? 120? 15 6.9 8.2 81? 75? 0.69
kc [%] � 4.1 � � 2.5 1.3 0.9 4.3 1.8 1.4 2.2 1.8 1.3 0.95
kt [%] 3.3 � 2.8 1.7 � 6.9 1.6 � � 2.7 � � � 1.0
kb [%] 3.6 2.1 3.2 2.3 1.8 0.58 0.48 1.9 0.46 0.37 1.2 1.3 0.67 0.43
kµ [%] 4.6 � 2.5 1.7 15 9.4 6.2 320? 13 5.8 8.9 10 8.9 0.41
kt [%] 1.9 3.3 1.5 1.1 1.9 0.70 0.57 3.0 1.3 0.88 1.3 1.4 0.73 0.44

Table 4 shows the expected precision of the k parameters in the final benchmark scenario discussed in this paper in which
95% CL limits on BRunt and BRinv are set, for the three possibilities using the LHC tunnel: HL-LHC, LHeC, and HE-LHC.
The results correspond to the kappa-3 scenario.

As discussed before, for these hadron colliders a constraint on |kV |1 is applied in this case, as no direct access to the
Higgs width is possible.

Table 5 shows the corresponding kappa-3 scenario for the different lepton colliders and a final FCC-ee/eh/hh combination,
all combined with the HL-LHC results. The integrated luminosity and running conditions considered for each collider in this
comparison are taken for Table 1. The constraints on GH derived from the fit parameters using Eq. 4 are discussed in detail in
Section 7. In this case when HL-LHC is combined with a lepton collider the assumption |kV |1 is not longer necessary, and
therefore it is not used as a constrain in these kappa-3 fits. For those particular analyses not reported in the original reference
documentation listed in Table 1 (e.g. kZg ) the HL-LHC prospects drive the combination. They are indicated with ⇤ in the tables.

We have examined the correlations of the lepton collider kappa-3 fits. In the initial stage of ILC (ILC250), kW , kg, kb, kt and
kt show sizeable correlations (> 70%), with the largest corresponding to kb and kt (93%). There is practically no correlation
between kW and kZ (8%). The untagged branching fraction is not particularly correlated with the couplings, with the largest
correlation corresponding to kZ (50%), and an anti correlation (-20%) seen for kZg where the only information comes from
the HL-LHC data. In the case of FCC-ee365, we see a slight correlation between kZ and kW (30%), and a similar correlation
between these and the untagged branching fraction (30-50%). The correlations between kb, kt , kg and kW are mild, with the
largest value corresponding once again to kb and kt (74%). In this case there is also no strong correlation between the untagged
branching fraction and the couplings, with the largest correlation corresponding to kZ (50%), followed by kb (30%). Again an
anti correlation (-20%) is seen for kZg . For CLIC3000 the situation is markedly different, with large correlations between kZ and
kW (80%), and between the untagged branching fraction and kZ , kW and kb (90%, 80%, 70% respectively). The correlations
between kb, kZ , kt , kg and kW are not negligible, with the highest corresponding to kb and kW (70%). In this case, kb and kt
are correlated to 45%. These correlations can be seen graphically in Figure 14 in the Appendix.

The results of the kappa-3 benchmark scenario are also presented graphically in Figure 2. Note that while hadron colliders
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Having two energy points :  
➔ reduce the uncertainty on all the EFT parameters  
➔ lift off the degeneracy between δcZ and δκλ deviations 

Figure 2: Left: Value of C1 as a function of the center of mass energy
Ô

s for the e
+

e
≠

æ hZ and
e

+
e

≠
æ ‹‹̄h single Higgs production processes. Right: The linear dependence of production

and decay rates on the ”Ÿ⁄, ”cZ , cZZ and cZ⇤ parameters (see Section 2.2 for details on the
meaning of these parameters). For e

+
e

≠
æ ‹‹̄h, only the WW -fusion contribution is included.

The dependence on ”Ÿ⁄ is amplified by a factor of 500.

The value of C1 in Higgsstrahlung (e+
e

≠
æ hZ) and WW -fusion (e+

e
≠

æ ‹‹̄h)
processes are shown in the left panel of Fig. 2 as functions of the center-of-mass energy
Ô

s. Very di�erent energy dependences are observed for the two processes. A quick
decrease is seen in Higgsstrahlung, from C1 ƒ 0.022 at threshold to about C1 ƒ 0.001 at a
center-of-mass energy of 500 GeV. On the other hand, a nearly constant value C1 ƒ 0.006
is observed for the WW -fusion process over the same range of energy. Further numerical
values are provided in Appendix A for both production and decay processes. Beside the
inclusive production and decay rates, we also checked the impact of a correction to ”Ÿ⁄

on the angular asymmetries that can be exploited in e
+

e
≠

æ hZ æ h¸
+

¸
≠ measurements

(see Refs. [29, 30]). We found that these e�ects are almost negligible and have no impact
on the fits.

To conclude this section, we show in the right panel of Fig. 2 the linear dependences of
a set of production rates and Higgs partial widths on ”Ÿ⁄ and on three EFT parameters
that encode deviations in the Z-boson couplings, ”cZ , cZZ and cZ⇤ (see Section 2.2 for
a detailed discussion of the full set of BSM e�ects we are considering). Only leading-
order dependences are accounted for, at one loop for ”Ÿ⁄ and at tree level for the other
parameters. One can see that the various observables have very di�erent dependences
on the EFT parameters. For instance, ”cZ a�ects all the production processes in an
energy-independent way.5 On the contrary, the e�ects of cZZ and cZ⇤ grow in magnitude
for higher center-of-mass energy in both Higgsstrahlung and WW -fusion cross sections.
It is apparent that the combination of several measurements can allow us to e�ciently
disentangle the various BSM e�ects and obtain robust constraints on ”Ÿ⁄. From the sensi-
tivities shown in Fig. 2, we can roughly estimate that a set of percent-level measurements

5In the language of the dimension-six operators, ”cZ is generated by the operator OH = 1
2 (ˆµ|H

2
|)2,

which modifies all Higgs couplings universally via the Higgs wave function renormalization.
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Fig. 1.11. Left, from reference [61]: sample Feynman diagrams illustrating the e↵ects of
the Higgs trilinear self-coupling on single Higgs process at next-to-leading order. Right:
FCC-ee precision in the simultaneous determination of the Higgs trilinear self-coupling and
the HZZ/HWW coupling, at 240GeV (black ellipse), 350GeV (purpled dashed), 365 GeV
(green dashed), and by combining data at 240 and 350 GeV (purple ellipse), and at 240,
350, and 365GeV (green ellipse).

determining its possible relevance for baryogenesis. Sizeable deviations in the Higgs
self-couplings are expected in several BSM scenarios, including for instance Higgs
portal models or theories with Higgs compositeness. They however remain intan-
gible at the LHC: at present, the trilinear Higgs coupling is loosely constrained at
the O(10) level, and the HL-LHC program will only test it with an O(1) accu-
racy. The prospects for extracting the quadrilinear Higgs self-coupling are even less
promising.

At the energy frontier, only the FCC-hh has the potential to reach a precision of
the order of ±5% in the determination of the trilinear Higgs coupling, in combination
with the precise Higgs decay branching ratio and top-quark electroweak coupling
measurements from the FCC-ee. The highest-energy e+e� colliders (beyond 1 TeV)
are limited to a precision of about ±10�15% [53,57], and so is the high-energy
upgrade of the LHC [58]. At lower energies (15 years at 250 GeV and 12 years at
500 GeV), the ILC would reach a 3� sensitivity to the trilinear Higgs coupling [59],
corresponding to a precision of about ±30%. With the large luminosity delivered
at 240 and 365 GeV, however, the FCC-ee has privileged sensitivity to the trilinear
coupling by measuring its centre-of-mass-energy-dependent e↵ects at the quantum
level on single Higgs observables [60], such as the HZ and the ⌫⌫ H production cross
sections, representative diagrams of which are displayed in Figure 1.11 (left). Robust
and model-independent bounds can be obtained [61,62] through a global (Higgs and
EW) fit that includes the Higgs self-coupling � and the coupling to SM gauge
bosons cZ. When all centre-of-mass energies are included in the fit, a precision of
±42% can be achieved on � (Fig. 1.11, right), reduced to ±34% in combination with
HL-LHC, and to ±12% when only � is allowed to vary. No meaningful constraint
is obtained on � with only a single centre-of-mass energy. The FCC-ee precision
EW measurements at lower energies (Sect. 1.2) are equally important to fix extra
parameters that would otherwise enter the global Higgs fit and open flat directions
that cannot be resolved.

Disentangle a variation due to a modified Higgs boson self-coupling from 
variations due to another deformation of the SM

fitting only Higgs-related operators

arXiv:1711.03978
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Main results 

 Statistics are of essence for this measurement,  
 as for all other Higgs boson measurements  

Table 12. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various future colliders. All the numbers
reported correspond to a simplified combination of the considered collider with HL-LHC, which is approximated by a 50%
constraint on k3. The numbers in the first column (i.e. "di-H excl." or Method (1)) correspond to the results given by the future
collider collaborations and in parenthesis, we report our derived estimate obtained in the binned analysis described in the text.
In the three last columns, i.e. Methods (2a), (3) and (4), we report the results computed by the Higgs@FC working group. For
the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Methods (1) and (2.a) cannot

be used, hence the dash signs in the corresponding cells. No sensitivity was computed along Method (2.a) for HE-LHC and
CLIC3000 but our initial checks do not show any difference with the sensitivity obtained for Method (1). In the global analyses,
Methods (2.a) and (4), we consider the flavour scenario of Neutral Diagonality (the results show little difference compared to
the ones reported in the first version of this report within the Neutral Diagonality scenario). Due to the lack of results available
for the ep cross section in SMEFT, we do not present any result for LHeC nor HE-LHeC, and only results with Method (1) for
FCC-eh. For Method (3) results are shown with and without combination with HL-LHC for many of the colliders (in several
cases, the fit for Method (4) does not converge for the standalone collider without HL-LHC input).

collider (1) di-H excl. (2.a) di-H glob. (3) single-H excl. (4) single-H glob.
with HL-LHC w/o HL-LHC

HL-LHC +60
�50% (50%) 52% 47% 125% 50%

HE-LHC 10-20% (n.a.) n.a. 40% 90% 50%
ILC250 � � 29% 126% 49%
ILC350 � � 28% 37% 46%
ILC500 27% (27%) 27% 27% 32% 38%
ILC1000 10% (n.a.) 10% 25% n.a. 36%
CLIC380 � � 46% 120% 50%
CLIC1500 36% (36%) 36% 41% 80% 49%
CLIC3000

+11
�7 % (n.a.) n.a. 35% 65% 49%

FCC-ee240 � � 19% 21% 49%
FCC-ee365 � � 19% 21% 33%
FCC-ee4IP

365 � � 14% n.a. 24%
FCC-eh 17-24% (n.a.) n.a. n.a. n.a. n.a.

FCC-ee/eh/hh 5% (5%) 6% 18% 19% 25%
LE-FCC 15% (n.a) n.a n.a. n.a. n.a.
CEPC � � 17% n.a. 49%

second motivation is that processes which are predicted to be rare in the SM, offer enhanced sensitivity to new physics residing
at high scales. A leading example is the search for flavour-changing neutral interactions, which are extremely suppressed in the
SM and if detected would reliably point to the existence of new physics. Third, peculiar and rare final state signatures can
have a special connection with BSM scenarios. One example is H decaying to invisible particles, which is used to constrain
scenarios featuring DM candidates. In the SM, the Higgs boson can decay invisibly via H ! 4n with a branching ratio of
0.11%. Finally, Yukawa interactions with first generation fermions are the cornerstone of the low-energy constraints on CP
violation of the couplings on the third generation. The typical example here are limits obtained by the EDM’s on the CP-odd
interaction of the third generation fermions (Section 6).

The reach of various colliders for rare decays, depends in the first place on the available statistics of the Higgs bosons being
produced. The expected rates are presented in the Appendix B, Table 18.

In the following, we restrict ourselves to a summary of the prospects to bound or determine the size of the interactions of
the Higgs to the other SM particles through decays. These can occur either directly, through a process which is proportional to
a tree-level coupling squared, i.e. all decays H ! f̄ f , where f is any SM fermion of the first or second generation, or indirectly,
i.e. through interfering amplitudes or loops, such as H ! gg and H ! gZ. We will also briefly present results on very rare
exclusive decays, which could provide indirect information on the light-quark Yukawa couplings. We follow the notation
introduced in the k-framework and consider the rescaling factors ki = yi/ySM

i introduced previously for the couplings to quarks
ku,kd ,kc,ks and for kµ , and for the loop induced processes, kg and kZg . The values of kµ ,kg ,kZg ,kc have been obtained from
the kappa-3,-4 fits presented in Section 3.2 and we do not reproduce them here, while the upper bounds on ku,kd ,ks (kc for
hadron colliders) are obtained from the upper limits on BRunt. Constraints on flavour-changing Higgs boson interactions are not
reported here.

The constraints of the couplings to first and second generation quarks are given in Table 13 and displayed in Fig. 12, based
on the results on BRunt. For kc the hadron colliders reach values of O(1), and lepton colliders and LHeC are expected to
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly
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combination also the bb̄ZZ (4`) channel, which provides a sensitivity similar to the 4b
channel. This decay channel was not re-optimized in this study and the result of the
analysis is documented in Ref [34]. The expected combined precision on the Higgs self-

– 21 –

FCC-hh updated result

±3%
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Evolution with integrated luminosities

                          ➔ a loss of 15% luminosity per IP when going from 2IP to 4IP  
                          ➔ 3 years saved from the shorter Z pole and WW threshold runs  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SMEFT fit

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
n + igcosqw


dg1Z (W+

µnW�µ �W�
µnW+µ)Zn +(dg1Z �

g0 2

g2 dkg)ZµnW+
µ W�

n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (10)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
cgg e2g0 2 + czg(g2 �g0 2)g0 2 � czz(g2 +g0 2)g0 2 � cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2 + czg
g2 �g0 2

g2 +g0 2 � czz

◆
, (11)

while lz is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (12)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
v f f ,hv f f

6 =
gp
2

✓
1+2

h
v

◆
W+

µ

⇣
d̂gW`

L n̄Lgµ eL + d̂gWq
L ūLgµ dL + d̂gWq

R ūRgµ dR +h.c.
⌘

+
p

g2 +g0 2
✓

1+2
h
v

◆
Zµ

"

Â
f =u,d,e,n

d̂gZ f
L f̄Lgµ fL + Â

f =u,d,e
d̂gZ f

R f̄Rgµ fR

#
, (13)

where, again, not all terms are independent7:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (14)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥di j, etc. However the right handed charged current, associated with d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated with
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated with leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters 8:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd , dye, lz
 

+
n

dgZu
L ,dgZd

L ,dgZn
L ,dgZe

L ,dgZu
R ,dgZd

R ,dgZe
R

o
, (15)

SMEFTND ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyt , dyc, dyb, dyt , dyµ , lz
 

+
n
(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
o

q1=q2 6=q3, `=e,µ,t
. (16)

7Here we choose a slightly different convention for the dependent couplings with respect to [35,36], and we express everything in terms of the modifications
of the neutral currents.

8The impact at NLO of the relatively poorly constrained Higgs self-coupling on the determination of the single-Higgs couplings will be discussed in
Section 4.
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13].

3.4.2 Results for BSM-motivated effective Lagrangians

In this subsection, we adopt a more BSM-oriented perspective and present the global fit results in a way that can be easily
matched to theory-motivated scenarios, such as composite Higgs models. For that purpose, we will restrict the results to the set
of dimension-6 interactions in the effective Lagrangian in eq. (19) and adopt the usual presentation of results in terms of the
bounds on the dimension-6 operator coefficients. We will also extend the global fits presented in previous sections, adding
further studies available in the literature about high-energy probes of the EFT. These are designed to benefit from the growth
with energy of the contributions of certain dimension-6 operators in physical processes, leading to competitive constraints
on new physics, without necessarily relying on extreme experimental precision. In this regard, we note that these studies are
usually not performed in a fully global way within the EFT framework, but rather focus on the most important effects at high
energies. Therefore, the results when such processes dominate in the bounds on new physics should be considered with a
certain amount of caution, although they should offer a reasonable approximation under the assumptions in (19) and (20). In
particular, we will add the following high-energy probes using di-boson and di-fermion processes:

• The constraints on the W and Y oblique parameters [48] (which can be mapped into c2W,2B) from fermion pair production
at the HL-LHC, HE-LHC [13], FCC-hh [49], ILC at 250, 500 and 1000 GeV [4] and CLIC [46]15.

It must be noted that, for the HE-LHC, only the sensitivity to W and Y from pp ! `+`� is available in [13]. There is no
sensitivity reported from charged-current process, which can constrain W independently. No studies on the reach for the
W and Y parameters were available for CEPC or the FCC-ee. For this section for these two lepton colliders it has been

15 The studies in [46] and [4] make use of significantly different assumptions for the systematic uncertainties and efficiencies for each e+e� ! f f̄ channel.
The apparent small difference in terms of reach at the highest energy stages for CLIC/ILC is, however, due to the high luminosity assumed at ILC, as well as
the use of positron polarization, which allow to partially compensate the lower energy achievable compared to CLIC.
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Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFTND. Note
that Z-radiative return measurements at ILC and CLIC are included in the fit. Two different assumptions are considered for the
systematic errors. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13]. See text for details.

estimated following the studies in Ref. [4, 46] 16.

• The study in Ref. [50] of the MZH distribution in pp ! ZH,H ! bb̄ in the boosted regime for the HL-LHC [13] and
FCC-hh [1]. (This was not available for the HE-LHC.) Note that both CLIC (and to a lesser extent ILC) have access to
similar physics in the leptonic case, from the ZH measurements at 1.5/3 TeV (500/1000 GeV). Current ILC projections
for Higgs production at 1 TeV [4] are only available for the W boson fusion channel. For the fits presented in this section,
for sZH ⇥BR(H ! bb) at ILC at 1 TeV an uncertainty of 1.3% is assumed for each polarization [51].

• The pTV distribution in pp !WZ from Ref. [52] for the HL-LHC, HE-LHC and FCC-hh.

These are of course only a sample of the high-energy precision probes that could be tested at future colliders (and at HL-LHC)
so the results presented are not an exhaustive study of the potential of the different machines in this regard. (See, e.g., [53, 54].)

The results of this fit are shown in Figure 6 after the full run of each future collider project, and in Table 9. Apart from
the 68% probability bounds for each operator from the global fit, we also present the results assuming only one operator is
generated by the UV dynamics. The difference between both results is indicative of the correlations between the different
operators in the fit. These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this
report, but it is worth mentioning that some of the largest correlations typically occur between Og , OfW , OfB, OW , OB where
all contribute to the Higgs interactions with neutral vector bosons. Large correlations also connect Og and Oyu . These are

16We obtain alues of dWCEPC ⇠ 5.3⇥ 10�5, dYCEPC ⇠ 4.7⇥ 10�5, with a correlation of -0.5; dWFCC�ee(240) ⇠ 5.4⇥ 10�5, dYFCC�ee(240) ⇠ 4.9⇥ 10�5,
with the same -0.5 correlation; and dWFCC�ee ⇠ 3.2⇥10�5, dYFCC�ee ⇠ 2.9⇥10�5, with a correlation of -0.53.
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Effective Higgs couplings and aTGC Effective EW couplings

Results in the more general benchmark SMEFTND 
ND = Neutral Diagonality,  relaxed assumptions on 3rd gen. quarks and on leptons 

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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while lz is an independent parameter.

– Yukawa couplings:
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d̂y f m f f̄ f +h.c., (12)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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where, again, not all terms are independent7:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (14)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥di j, etc. However the right handed charged current, associated with d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated with
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated with leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters 8:
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SMEFTND ⌘
�
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. (16)

7Here we choose a slightly different convention for the dependent couplings with respect to [35,36], and we express everything in terms of the modifications
of the neutral currents.

8The impact at NLO of the relatively poorly constrained Higgs self-coupling on the determination of the single-Higgs couplings will be discussed in
Section 4.
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Probing the Electroweak Phase Transition 

Deviations within the sensitivity reach of FCC cross-correlation between direct 
discovery (either S➞HH or H➞SS) and the Higgs property measurements 

Minimal extension of the Standard Model with a real, scalar singlet field S 

Due to the the Higgs-singlet mixing  
➔ HZZ coupling is suppressed compared to 
the SM prediction 
➔ 𝞴HHH coupling deviates from the SM 
prediction 

arXiv:1608.06619
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Fig. S.2 Left: integrated lepton transverse (dilepton) mass distribution in pp → W∗ → ℓν (pp → Z∗/γ∗ → ℓ+ℓ− ). One lepton family is included,
with |ηℓ| < 2.5. Right: integrated invariant mass spectrum for the production of gauge boson pairs in the central kinematic range |y| < 1.5. No
branching ratios included

Fig. S.3 Manifestations of models with a singlet-induced strong first
order EWPT. Left: discovery potential at HL-LHC and FCC-hh, for the
resonant di-Higgs production, as a function of the singlet-like scalar
mass m2. 4τ and bb̄γγ final states are combined. Right: correlation

between changes in the HZZ coupling (vertical axis) and the HHH cou-
pling scaled to its SM value (horizontal axis), in a scan of the models’
parameter space. All points give rise to a first order phase transition

satisfied in the SM, but they can be met in a variety of BSM scenarios. CP violation relevant to the matter-antimatter
asymmetry can arise from new interactions over a broad range of mass scales, possibly well above 100 TeV. Exhaustively
testing these scenarios may, therefore, go beyond the scope of the FCC. On the other hand, for the phase transition to be
sufficiently strong, there must be new particles with masses typically below one TeV, whose interactions with the Higgs boson
modify the Higgs potential energy in the early universe. Should they exist, these particles and interactions would manifest
themselves at FCC, creating a key scientific opportunity and priority for the FCC, as shown by various studies completed to
date.

The FCC should conclusively probe new states required by a strong 1st order EW phase transition.
As an example, we show the results of the study of the extension of the SM scalar sector with a single real singlet scalar. The

set of model parameters leading to a strongly first order phase transition is analyzed from the perspective of a direct search,
via the decays of the new singlet scalar to a pair of Higgs bosons, and of precision measurements of Higgs properties. The
former case results in the plot on the left of Fig. S.3: FCC-hh with 30 ab− 1 has sensitivity greater than 5 standard deviations
to all relevant model parameters. For these models, the deviations in the Higgs self-coupling and in the Higgs coupling to the
Z boson are then shown in the scatter plot on the right of Fig. S.3. With the exception of a small parameter range, most of
these models lead to deviations within the sensitivity reach of FCC, allowing the cross-correlation of the direct discovery via
di-Higgs decays to the Higgs property measurements. This will help the interpretation of a possible discovery, and assess its
relevance for the nature of the EW phase transition.
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Fig. 15.1 Selection of exotic
Higgs decay possibilities into
hidden sector states which
subsequently decay back into
SM states h

h → 2

h

h → 2 → 3 → 4

h

h → 2 → (1 + 3)

h

h → 2 → 4

Fig. 15.2 The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC and FCC-ee. This figure is taken from [376]

15.2.1 Exotic Higgs decays

Since there are numerous theoretical questions surrounding the nature of the Higgs boson, looking for exotic signatures
associated with it is well motivated. For example, being the only neutral scalar boson in the SM, it could readily interact with
new hidden sector particles and even decay into them if energetically possible. This property is known as the ‘Higgs portal’,
which refers to the fact that of all the SM particles, only the Higgs may have a renormalisable, gauge invariant, interaction
with other gauge-neutral scalar particles beyond the SM. If these particles are denoted as φ, then this interaction takes the
form

LHP = λ

2
|H |2φ2 . (15.1)

Once produced, these states may then decay back into SM particles or other stable neutral particles in the hidden sector. From
a collider perspective, this means that the Higgs boson could have rare exotic decays beyond those dictated by the SM alone.
If there are N particles in the final state of an exotic Higgs decay then the typical energy of the final state particles will be
E ∼ MH/N . Thus already for N = 4 the final state particles will be soft and may hide under other SM backgrounds, or simply
evade the trigger requirements. In some cases this can make the search for exotic Higgs decays particularly challenging. A
selection of exotic Higgs decay topologies are shown in Fig. 15.1.

Despite the fact that more Higgs bosons will be produced at the HL-LHC than at the FCC-ee, in cases where event triggering
at a hadron collider becomes challenging the clean detector environment of FCC-ee would deliver a discovery potential which
is many orders of magnitude greater than at the LHC. A study of exotic Higgs decays at FCC-ee is presented in [376] and the
results are summarised in Fig. 15.2. It is notable that in channels with missing energy the sensitivity to exotic Higgs boson
decays is significantly greater at FCC-ee than HL-LHC, providing an unparalleled microscope with which to determine the
nature of the Higgs boson and discover evidence of new hidden sector particles.

A notable feature of the Higgs portal interaction in Eq. 15.1 is that this interaction respects a Z2 symmetry, φ → −φ. Such
a symmetry can make φ stable or, if it is explicitly broken by some small amount, φ may be long-lived. This alone motivates
searching for exotic decays of the Higgs boson to particles that decay on a macroscopic time scale. Such scenarios arise
frequently in theories beyond the SM, such as models of neutral naturalness discussed in Sect. 9.4. Projections for sensitivity
to such exotic Higgs decays are shown in Fig. 15.3 for a variety of collider scenarios, including the HL-LHC, FCC-hh, LHeC

123

474 Page 126 of 161 Eur. Phys. J. C (2019) 79 :474

Fig. 15.1 Selection of exotic
Higgs decay possibilities into
hidden sector states which
subsequently decay back into
SM states h

h → 2

h

h → 2 → 3 → 4

h

h → 2 → (1 + 3)

h

h → 2 → 4

Fig. 15.2 The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC and FCC-ee. This figure is taken from [376]

15.2.1 Exotic Higgs decays

Since there are numerous theoretical questions surrounding the nature of the Higgs boson, looking for exotic signatures
associated with it is well motivated. For example, being the only neutral scalar boson in the SM, it could readily interact with
new hidden sector particles and even decay into them if energetically possible. This property is known as the ‘Higgs portal’,
which refers to the fact that of all the SM particles, only the Higgs may have a renormalisable, gauge invariant, interaction
with other gauge-neutral scalar particles beyond the SM. If these particles are denoted as φ, then this interaction takes the
form

LHP = λ

2
|H |2φ2 . (15.1)

Once produced, these states may then decay back into SM particles or other stable neutral particles in the hidden sector. From
a collider perspective, this means that the Higgs boson could have rare exotic decays beyond those dictated by the SM alone.
If there are N particles in the final state of an exotic Higgs decay then the typical energy of the final state particles will be
E ∼ MH/N . Thus already for N = 4 the final state particles will be soft and may hide under other SM backgrounds, or simply
evade the trigger requirements. In some cases this can make the search for exotic Higgs decays particularly challenging. A
selection of exotic Higgs decay topologies are shown in Fig. 15.1.

Despite the fact that more Higgs bosons will be produced at the HL-LHC than at the FCC-ee, in cases where event triggering
at a hadron collider becomes challenging the clean detector environment of FCC-ee would deliver a discovery potential which
is many orders of magnitude greater than at the LHC. A study of exotic Higgs decays at FCC-ee is presented in [376] and the
results are summarised in Fig. 15.2. It is notable that in channels with missing energy the sensitivity to exotic Higgs boson
decays is significantly greater at FCC-ee than HL-LHC, providing an unparalleled microscope with which to determine the
nature of the Higgs boson and discover evidence of new hidden sector particles.

A notable feature of the Higgs portal interaction in Eq. 15.1 is that this interaction respects a Z2 symmetry, φ → −φ. Such
a symmetry can make φ stable or, if it is explicitly broken by some small amount, φ may be long-lived. This alone motivates
searching for exotic decays of the Higgs boson to particles that decay on a macroscopic time scale. Such scenarios arise
frequently in theories beyond the SM, such as models of neutral naturalness discussed in Sect. 9.4. Projections for sensitivity
to such exotic Higgs decays are shown in Fig. 15.3 for a variety of collider scenarios, including the HL-LHC, FCC-hh, LHeC
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Conclusions
➔ The Higgs boson self-coupling (𝞴HHH) is at the root of EW symmetry breaking  
      ➔ no need to reach double Higgs production threshold to have access to it! 
 
➔ The FCCee/hh performance is superior  
➔ At FCCee we could go down to 33%(24%) precision on 𝞴HHH with 2IP(4IP) 
        ➔ statistic and different energies are the keys 
➔ Room to improve/refine the analyses  
      ➔ √s optimisation at FCC-ee  
      ➔ better measurement of the rates 
      ➔ angular variables 

➔ Statistic is as well the key to reduce the allow phase space for BSM Higgs boson 
models (towards discovery?) 

➔ The way forward: design the detector, full simulation, … 


