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‣ What is the origin of the Higgs potential and EWSB?     
Is the Higgs mass natural?

‣ Is there only one Higgs? Is it elementary or composite?

‣ Nature of the EWPT ↔︎ Matter/Anti-Matter Asymmetry?

‣ Is the EW vacuum stable?
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‣ What is the origin of flavor and its hierarchies?         
(The SM flavour puzzle)

‣ What gives mass to neutrinos?

Fermion masses are the results of the Yukawa interactions → Inescapable link between 
Higgs and flavor, whose origin can be addressed only beyond the SM…

The open questions: the SM flavour puzzle
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‣ What is the nature of Dark Matter?                         
Does it interact with the SM? 
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‣ What is the nature of Dark Matter?                         
Does it interact with the SM? 

If new physics is to explain any of these open questions… What is its nature?

What do need from the next generation of high-energy particle physics 
experiments to maximize our chances of learning about this new physics?



What is its nature?

• No clear hint of new physics at the LHC… But the nature of the questions point to a 
connection to the Higgs boson

If new physics is to explain any of these open questions…
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FIG. 1: The Higgs boson as the keystone of the Standard Model is connected to numerous fundamental questions that can be
investigated by studying it in detail.

References 40

I. ABSTRACT

A future Higgs Factory will provide improved precision on measurements of Higgs couplings beyond those obtained
by the LHC, and will enable a broad range of investigations across the fields of fundamental physics, including
the mechanism of electroweak symmetry breaking, the origin of the masses and mixing of fundamental particles, the
predominance of matter over antimatter, and the nature of dark matter. Future colliders will measure Higgs couplings
to a few per cent, giving a window to beyond the Standard Model (BSM) physics in the 1-10 TeV range. In addition,
they will make precise measurements of the Higgs width, and characterize the Higgs self-coupling.

II. WHY THE HIGGS IS THE MOST IMPORTANT PARTICLE

Over the past decade, the LHC has fundamentally changed the landscape of high energy particle physics through
the discovery of the Higgs boson and the first measurements of many of its properties. As a result of this, and no
discovery of new particles or new interactions at the LHC, the questions surrounding the Higgs have only become
sharper and more pressing for planning the future of particle physics.

The Standard Model (SM) is an extremely successful description of nature, with a basic structure dictated by
symmetry. However, symmetry alone is not su�cient to fully describe the microscopic world we explore: even after
specifying the gauge and space-time symmetries, and number of generations, there are 19 parameters undetermined by
the SM (not including neutrino masses). Out of these parameters 4 are intrinsic to the gauge theory description, the
gauge couplings and the QCD theta angle. The other 15 parameters are intrinsic to the coupling of SM particles to the
Higgs sector, illustrating its paramount importance in the SM. In particular, the masses of all fundamental particles,
their mixing, CP violation, and the basic vacuum structure are all undetermined and derived from experimental
data. As simply a test of the validity of the SM, all these couplings must be measured experimentally. However, the
centrality of the Higgs boson goes far beyond just dictating the parameters of the SM.

The Higgs boson is connected to some of our most fundamental questions about the Universe. Its most basic
role in the SM is to provide a source of Electroweak Symmetry Breaking (EWSB). While the Higgs can describe
EWSB, it is merely put in by hand in the Higgs potential. Explaining why EWSB occurs is outside the realm of
the Higgs boson, and yet at the same time by studying it we may finally understand its origin. There are a variety
of connected questions and observables tied to the origin of EWSB for the Higgs boson. For example, is the Higgs
mechanism actually due to dynamical symmetry breaking as observed elsewhere in nature? Is the Higgs boson itself
a fundamental particle or a composite of some other strongly coupled sector? The answers to these questions have a
number of ramifications beyond the origin of EWSB.

If the Higgs boson is a fundamental particle, it represents the first fundamental scalar particle discovered in nature.
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Several of these interactions still remain unknown!

In particular, there are several parts of the SM which we have not tested yet…
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data. As simply a test of the validity of the SM, all these couplings must be measured experimentally. However, the
centrality of the Higgs boson goes far beyond just dictating the parameters of the SM.

The Higgs boson is connected to some of our most fundamental questions about the Universe. Its most basic
role in the SM is to provide a source of Electroweak Symmetry Breaking (EWSB). While the Higgs can describe
EWSB, it is merely put in by hand in the Higgs potential. Explaining why EWSB occurs is outside the realm of
the Higgs boson, and yet at the same time by studying it we may finally understand its origin. There are a variety
of connected questions and observables tied to the origin of EWSB for the Higgs boson. For example, is the Higgs
mechanism actually due to dynamical symmetry breaking as observed elsewhere in nature? Is the Higgs boson itself
a fundamental particle or a composite of some other strongly coupled sector? The answers to these questions have a
number of ramifications beyond the origin of EWSB.

If the Higgs boson is a fundamental particle, it represents the first fundamental scalar particle discovered in nature.

BSM will typically modify the properties of the Higgs boson
⇒ We need a Higgs factory with capabilities for precision Higgs physics
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In particular, there are several parts of the SM which we have not tested yet…

But new physics may be hiding in many other places!
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µ
uR) Oeu (ēR�µeR)
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(ēR�µeR) (ēR�
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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µ
uR) Oeu (ēR�µeR)
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq

(ēR�µeR) (ēR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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(ūR�µuR) (ūR�
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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µ
uR) Oeu (ēR�µeR)

�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
eR) Oee
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
uR) Oeu (ēR�µeR)
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(ēR�µeR) (ēR�
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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µ
eR) Oee

(ūR�µuR) (ūR�
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(ēR�µeR) (ēR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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BSM can “change” the SM in many different ways…

Top/Higgs/EW physics @ e+e- Top/Higgs/EW physics

Also in Higgs physics (VBF, VH)

EW precision/Higgs precisionTop/Higgs/EW physics @ pp

And this is just the  
simple picture at LO

Jorge de Blas - U. of Granada 
Physics Opportunities at Future e+e- Colliders 

November 6, 2025 14



June 19, 2025

LaTeX materials for 2025 talks on SMEFT fits at future
colliders

J. de Blasa†
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µ
eR) Oee
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Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq
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(ēR�µeR) (ēR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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µ
eR) Oee
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(ēR�µeR) (ūR�
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(ēR�µeR) (ūR�
µ
uR) Oeu (ēR�µeR)
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
uR) Oeu (ēR�µeR)
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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(ēR�µeR) (ūR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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BSM can “change” the SM in many different ways…

Top/Higgs/EW physics @ e+e- Top/Higgs/EW physics

Also in Higgs physics (VBF, VH)

EW precision/Higgs precisionTop/Higgs/EW physics @ pp

And this is just the  
simple picture at LO

What do need from the next generation of high-energy particle physics 
experiments to maximize our chances of learning about this new physics?

In the search of the unknown, the best tool is that which can explore as 
many directions as possible in the BSM parameter space

More than Higgs factories

e+e- colliders can offer a broad physics programme for precision measurements 
that will allow to chart deviations of the SM in many directions

⇒ Indirect test of NP at e+e-  ⇒  Guide direct searches at future pp
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The Muon Collider
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Abstract
Muons offer a unique opportunity to build a compact high-energy elec-

troweak collider at the 10 TeV scale. A Muon Collider enables direct

access to the underlying simplicity of the Standard Model and unpar-

alleled reach beyond it. It will be a paradigm-shifting tool for particle

physics representing the first collider to combine the high-energy reach of

a proton collider and the high precision of an electron-positron collider,

yielding a physics potential significantly greater than the sum of its in-

dividual parts. A high-energy muon collider is the natural next step in

the exploration of fundamental physics after the HL-LHC and a natural

complement to a future low-energy Higgs factory. Such a facility would

significantly broaden the scope of particle colliders, engaging the many

frontiers of the high energy community.

The last European Strategy for Particle Physics Update and later the

Particle Physics Project Prioritisation Panel in the US requested a study

of the muon collider, which is being carried on by the International

Muon Collider Collaboration. In this comprehensive document we

present the physics case, the state of the work on accelerator design

and technology, and propose an R&D project that can make the muon

collider a reality.

*Organisation Européenne pour la Recherche Nucléaire (CERN), Geneva, Switzerland
†Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
‡STFC Rutherford Appleton Laboratory (RAL), Harwell Oxford, United Kingdom
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Physics Opportunities at e+e- Higgs factories

• The HL-LHC will open the door to percent-level precision Higgs physics…

cantly enhance the precision of most of the coupling modifiers. To eliminate the dependence on the Higgs boson’s
total width and mitigate common systematic uncertainties, the projected measurement of ratios of Higgs boson
coupling modifiers is also provided. A key reference parameter, gZ = gZ/H , is introduced to represent the
high-precision measurement of the gg ! H ! ZZ production rate. The cross-sections in other channels are
then reformulated in terms of gZ and a set of coupling strength scale factor ratios, defined as �XY = X/Y .
The results are presented in Fig. 1 (right). The properties of the Higgs boson will be also probed through other
measurements such as cross-section times branching fractions. Unlike the measurements of the coupling modifiers
, these measurements will not be limited by large theory uncertainties.
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Figure 1: The projected uncertainty in the combined coupling signal strength modifiers (left) and their ratios (right) with
3 ab�1 of pp collisions under the S2 systematic uncertainty scenario, assuming that the Higgs boson decays only to final states
predicted by the SM.

Finally, assuming the SM, the ATLAS+CMS combination of the H ! ZZ off-shell cross section can
constrain the Higgs width with an uncertainty of 0.7 MeV with 3 ab�1 [27], projecting the current measurements
under the S2 scenario.

3 Di-Higgs boson physics

The measurement of HH production is sensitive to modifications to the BEH potential, since it directly probes
the deviation of the trilinear coupling parameter �3 from the SM, parametrized via the coupling strength modifier
3 = �3/�

SM
3 . In recent years, major improvements to the analysis techniques have increased the sensitivity of

ATLAS and CMS to this rare process. In particular, the use of graph-based architectures for deep-learning based
jet tagging has enhanced the sensitivity to various decay modes (e.g. H ! bb̄ and H ! ⌧

+
⌧
�) at both small

and large Higgs boson pT , where the Higgs boson decay products are boosted and overlap. Figure 2 (left) shows
the combination of the ATLAS and CMS extrapolations for the decay modes listed in Table 2. The details of the
assumptions used in the S2 and S3 scenarios can be found in Refs. [12, 20]. In this study, the S3 scenario is defined
considering a 5% improvement both in b-jet tagging [37–39] and hadronic tau reconstruction efficiencies [52],
expected already for the incoming Run-3 results. Beyond Run 3, additional improvements are expected, in terms
of trigger, detector, and analysis techniques. In the combination, the ATLAS bb̄⌧

+
⌧
� projection [13], the CMS

resolved and boosted projections bb̄bb̄ [20], the ATLAS multilepton [14] and ATLAS bb̄`
+
`
� [12] projections

have been adopted for both experiments, since they can reach similar sensitivity by using the same experimental
techniques. In the case of the bb̄⌧

+
⌧
� channel, the CMS Run-2 sensitivity was limited by the trigger. An improved

trigger has already been deployed by CMS for Run 3 [53], achieving similar performance as the ATLAS trigger.
The bb̄�� projection is based on independent ATLAS [54] and CMS [20] projections.

Table 2 shows the expected significance on the HH signal yield and the corresponding 68% confidence
intervals (CIs) on 3. Values are quoted per decay channel and per experiment, for the two scenarios. The combi-
nation of ATLAS and CMS projections result in an expected > 5� observation of HH production already with 2
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FIG. 3: Typical Higgs coupling deviations depending on whether the couplings are generated from new physics that generates
tree level e↵ects or loop level e↵ects primarily. Optimistically assuming all new physics couplings or ratios of new physics scales
are O(1) gives a conservative upper bound on the highest scales probed by Higgs coupling deviations. Based on assuming a
precision for Higgs coupling deviations of 1 ! .1% this shows that Higgs couplings probe scales from as weak as M ⇠ 100 GeV
to as strong as M ⇠ 5.5 TeV.

is crucial to combine the myriad of related measurements to understand fully the Higgs sector.
Given the basic link between the scale of new physics and the precision measurements of Higgs boson properties,

it is useful to survey the proposed experiments to understand which options reach the per cent or per mille accuracy.
This is clearly one of the main highlights of this report, as well as the previous European Strategy Group report [2].
In Section IV, the relevant inputs and specific projected sensitivities at various machines are shown. To give a more
global perspective we illustrate schematically the outcome for precision Higgs physics in Figures 4 and 5.

These snapshots di↵er from most in the literature in two key ways: First, the more coarse grained approach to
precision of the Higgs boson measurements, where we have delineated the capabilities based on the order of magnitude
of the uncertainty achieved. While the usual fine grained approach is found in Section IV, based on the arguments
about the scale of new physics probed, the di↵erence between a 1% and 2% measurement is not particularly crucial
compared to the order of magnitude. This is especially true because the projected inputs to Snowmass and ESG [2]
were derived with di↵erent levels of rigor and assumptions. As the LHC has demonstrated on numerous occasions,
even in a di�cult collider environment, experimental techniques can often surpass projections. Second, there are
numerous properties in the snapshot that are not typically listed in an EFT or ”” fits such as first generation
couplings, and the Higgs quartic coupling. This is to emphasize that the SM is far from being complete, and the
Higgs boson, as its central figure, requires continued experimental e↵ort to claim that the SM is “complete”. Finally
it also demonstrates where clearly more work is needed, including potentially new observables and ideas.

The summary of Higgs precision properties shown in Figures 4 and 5, of course, contain numerous caveats, as the
measurements of the various properties listed are done in very di↵erent ways. As displayed, it can be thought of as
akin to a “kappa-0” or EFT fit. Larger deviations in Higgs boson properties typically signify lower scale physics e↵ects
which are not captured by EFT/ fits, and di↵erential distributions or other observables may be key. Moreover, with
the Higgs portal motivation, there can be new decay modes of the Higgs which are not fully captured in Figs. 4-5.
There is no possible way to model independently characterize all BSM e↵ects on Higgs physics and going beyond this
summary requires model interpretations as discussed further in Section V. In this context, all EFT interpretations
should also be thought of as models with thousands of parameters. What Fig. 4-5 do show is that all of the currently
proposed colliders that are Energy Frontier benchmarks o↵er exciting windows into understanding the Higgs. To
further di↵erentiate amongst collider options requires understanding the di↵erences in the types of BSM physics that
these Higgs precision measurements correlate with, that we attempt to address more in Section V, as well as how
useful they are in the context of other Topical Group measurements. Additionally, one must ask the question what
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Physics Opportunities at e+e- Higgs factories

• The HL-LHC will open the door to percent-level precision Higgs physics…

cantly enhance the precision of most of the coupling modifiers. To eliminate the dependence on the Higgs boson’s
total width and mitigate common systematic uncertainties, the projected measurement of ratios of Higgs boson
coupling modifiers is also provided. A key reference parameter, gZ = gZ/H , is introduced to represent the
high-precision measurement of the gg ! H ! ZZ production rate. The cross-sections in other channels are
then reformulated in terms of gZ and a set of coupling strength scale factor ratios, defined as �XY = X/Y .
The results are presented in Fig. 1 (right). The properties of the Higgs boson will be also probed through other
measurements such as cross-section times branching fractions. Unlike the measurements of the coupling modifiers
, these measurements will not be limited by large theory uncertainties.
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Figure 1: The projected uncertainty in the combined coupling signal strength modifiers (left) and their ratios (right) with
3 ab�1 of pp collisions under the S2 systematic uncertainty scenario, assuming that the Higgs boson decays only to final states
predicted by the SM.

Finally, assuming the SM, the ATLAS+CMS combination of the H ! ZZ off-shell cross section can
constrain the Higgs width with an uncertainty of 0.7 MeV with 3 ab�1 [27], projecting the current measurements
under the S2 scenario.

3 Di-Higgs boson physics

The measurement of HH production is sensitive to modifications to the BEH potential, since it directly probes
the deviation of the trilinear coupling parameter �3 from the SM, parametrized via the coupling strength modifier
3 = �3/�

SM
3 . In recent years, major improvements to the analysis techniques have increased the sensitivity of

ATLAS and CMS to this rare process. In particular, the use of graph-based architectures for deep-learning based
jet tagging has enhanced the sensitivity to various decay modes (e.g. H ! bb̄ and H ! ⌧

+
⌧
�) at both small

and large Higgs boson pT , where the Higgs boson decay products are boosted and overlap. Figure 2 (left) shows
the combination of the ATLAS and CMS extrapolations for the decay modes listed in Table 2. The details of the
assumptions used in the S2 and S3 scenarios can be found in Refs. [12, 20]. In this study, the S3 scenario is defined
considering a 5% improvement both in b-jet tagging [37–39] and hadronic tau reconstruction efficiencies [52],
expected already for the incoming Run-3 results. Beyond Run 3, additional improvements are expected, in terms
of trigger, detector, and analysis techniques. In the combination, the ATLAS bb̄⌧

+
⌧
� projection [13], the CMS

resolved and boosted projections bb̄bb̄ [20], the ATLAS multilepton [14] and ATLAS bb̄`
+
`
� [12] projections

have been adopted for both experiments, since they can reach similar sensitivity by using the same experimental
techniques. In the case of the bb̄⌧

+
⌧
� channel, the CMS Run-2 sensitivity was limited by the trigger. An improved

trigger has already been deployed by CMS for Run 3 [53], achieving similar performance as the ATLAS trigger.
The bb̄�� projection is based on independent ATLAS [54] and CMS [20] projections.

Table 2 shows the expected significance on the HH signal yield and the corresponding 68% confidence
intervals (CIs) on 3. Values are quoted per decay channel and per experiment, for the two scenarios. The combi-
nation of ATLAS and CMS projections result in an expected > 5� observation of HH production already with 2
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FIG. 3: Typical Higgs coupling deviations depending on whether the couplings are generated from new physics that generates
tree level e↵ects or loop level e↵ects primarily. Optimistically assuming all new physics couplings or ratios of new physics scales
are O(1) gives a conservative upper bound on the highest scales probed by Higgs coupling deviations. Based on assuming a
precision for Higgs coupling deviations of 1 ! .1% this shows that Higgs couplings probe scales from as weak as M ⇠ 100 GeV
to as strong as M ⇠ 5.5 TeV.

is crucial to combine the myriad of related measurements to understand fully the Higgs sector.
Given the basic link between the scale of new physics and the precision measurements of Higgs boson properties,

it is useful to survey the proposed experiments to understand which options reach the per cent or per mille accuracy.
This is clearly one of the main highlights of this report, as well as the previous European Strategy Group report [2].
In Section IV, the relevant inputs and specific projected sensitivities at various machines are shown. To give a more
global perspective we illustrate schematically the outcome for precision Higgs physics in Figures 4 and 5.

These snapshots di↵er from most in the literature in two key ways: First, the more coarse grained approach to
precision of the Higgs boson measurements, where we have delineated the capabilities based on the order of magnitude
of the uncertainty achieved. While the usual fine grained approach is found in Section IV, based on the arguments
about the scale of new physics probed, the di↵erence between a 1% and 2% measurement is not particularly crucial
compared to the order of magnitude. This is especially true because the projected inputs to Snowmass and ESG [2]
were derived with di↵erent levels of rigor and assumptions. As the LHC has demonstrated on numerous occasions,
even in a di�cult collider environment, experimental techniques can often surpass projections. Second, there are
numerous properties in the snapshot that are not typically listed in an EFT or ”” fits such as first generation
couplings, and the Higgs quartic coupling. This is to emphasize that the SM is far from being complete, and the
Higgs boson, as its central figure, requires continued experimental e↵ort to claim that the SM is “complete”. Finally
it also demonstrates where clearly more work is needed, including potentially new observables and ideas.

The summary of Higgs precision properties shown in Figures 4 and 5, of course, contain numerous caveats, as the
measurements of the various properties listed are done in very di↵erent ways. As displayed, it can be thought of as
akin to a “kappa-0” or EFT fit. Larger deviations in Higgs boson properties typically signify lower scale physics e↵ects
which are not captured by EFT/ fits, and di↵erential distributions or other observables may be key. Moreover, with
the Higgs portal motivation, there can be new decay modes of the Higgs which are not fully captured in Figs. 4-5.
There is no possible way to model independently characterize all BSM e↵ects on Higgs physics and going beyond this
summary requires model interpretations as discussed further in Section V. In this context, all EFT interpretations
should also be thought of as models with thousands of parameters. What Fig. 4-5 do show is that all of the currently
proposed colliders that are Energy Frontier benchmarks o↵er exciting windows into understanding the Higgs. To
further di↵erentiate amongst collider options requires understanding the di↵erences in the types of BSM physics that
these Higgs precision measurements correlate with, that we attempt to address more in Section V, as well as how
useful they are in the context of other Topical Group measurements. Additionally, one must ask the question what
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Figure 2.1: The flat direction that a↵ects on-shell Higgs measurements if a universal coupling
rescaling univ and the presence of an untagged branching ratio BRexo are assumed. The white
dashed line corresponds to the exact relation BRexo = (2

univ
� 1)/2

univ
for univ > 1. The

colored regions correspond to �2 contours for the projection to the HL-LHC of CMS on-shell
Higgs measurements, assuming data will agree with the SM [22].

negative, which is only realized in somewhat exotic (albeit possible) theories, e.g. models with
electroweak triplet scalars or non-compact coset spaces; second, there must be an accidental
“conspiracy” relating the a priori-independent quantities cH/f2 and �H' in the appropriate
fashion.

Models with a universal flat direction?

To make these issues more explicit, we inspect how cH < 0 can arise from integrating out triplet
scalars at tree level [18]. Considering both a real triplet 'a

r with hypercharge Y = 0 and a
complex triplet �a

c with Y = 1, the relevant pieces of the UV Lagrangian are
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where cH is manifestly negative and cT is the coe�cient of (H†
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custodial symmetry, such as the Georgi-Machacek (GM) model [20, 21], the real and complex
triplets satisfy the relations �2
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r ). However, under the assumption that the mass of the triplets is su�ciently large

that they can be integrated out, the GM model does not contain a possible candidate for the
light scalar '; the latter can of course be added to the model as an additional singlet, but an
ad-hoc suitable relation between �rf,Mr, and �H' would need to be imposed in order to sit
along the flat direction discussed above.

A second possibility to obtain cH < 0 is via a non-compact coset. An example that has been
discussed in the literature is SO(4, 1)/SO(4) [23], giving rise to H as a Goldstone doublet
within a consistent e↵ective theory. The price to pay is that the e↵ective theory cannot be
UV-completed by an ordinary QFT, since the latter cannot have the non-compact SO(4, 1) as
a linearly realized global symmetry group; see Ref. [24] for related discussions. As in the GM
model, to realize a universal flat direction a genuinely new contribution to the Higgs width is
required. This could be obtained by extending the coset to include additional Goldstones, one
of which may be identified with the light ' (in this case, the role of the last operator in Eq. (2.2)
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In this paper we review the physics opportunities at linear e+e– colliders with a special focus on
high centre-of-mass energies and beam polarisation, take a fresh look at the various acceler-
ator technologies available or under development and, for the first time, discuss how a facility first
equipped with a technology that is mature today could be upgraded with technologies of tomorrow
to reach much higher energies and/or luminosities. In addition, we discuss detectors, alternat-
ive collider modes, as well as opportunities for beyond-collider experiments and R&D facilities as
part of a linear collider facility (LCF). The material of this paper supports all plans for e+e– linear
colliders and additional opportunities they offer, independently of technology choice or proposed
site, as well as R&D for advanced accelerator technologies. This joint perspective on the phys-
ics goals, early technologies and upgrade strategies has been developed by the LCVision team
based on an initial discussion at LCWS2024 in Tokyo and a follow-up at the LCVision Community
Event at CERN in January 2025. It heavily builds on decades of achievements of the global linear
collider community, in particular in the context of CLIC and ILC.
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FIG. 44: Cross sections for the three major Higgs production
processes as a function of center of mass energy, from [138].
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FIG. 45: Upper: signal H ! bb and background events in
di↵erent categories of S/B measured by ATLAS [178, 179]

using LHC Run 2 data; lower: signal h ! bb and
background events in the bb mass spectrum expected from

the ILC full simulation [180].
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�, +30% e

+ polarization:
250 GeV 350 GeV 500 GeV
Zh ⌫⌫h Zh ⌫⌫h Zh ⌫⌫h

� 2.0 1.8 4.2
h ! invis. 0.86 1.4 3.4
h ! bb 1.3 8.1 1.5 1.8 2.5 0.93
h ! cc 8.3 11 19 18 8.8
h ! gg 7.0 8.4 7.7 15 5.8
h ! WW 4.6 5.6⇤ 5.7⇤ 7.7 3.4
h ! ⌧⌧ 3.2 4.0⇤ 16⇤ 6.1 9.8
h ! ZZ 18 25⇤ 20⇤ 35⇤ 12⇤

h ! �� 34⇤ 39⇤ 45⇤ 47 27
h ! µµ 72 87⇤ 160⇤ 120 100

a 7.6 2.7⇤ 4.0
b 2.7 0.69⇤ 0.70
⇢(a, b) -99.17 -95.6⇤ -84.8

TABLE XI: Projected statistical errors, in %, for Higgs
boson measurements. The errors are quoted for luminosity
samples of 250 fb�1 for e+e� beams with -80% electron

polarization and +30% positron polarization. Except for the
first and last segments of each set, these are measurements
of � ·BR, relative to the Standard Model expectation. The
top lines gives the error for the total cross section relative to
the Standard Model and the 95% confidence upper limit on

the branching ratio for Higgs to invisible decays. The
bottom lines in each half give the expected errors on the a

and b parameters and their correlation (all in %) for
e
+
e
� ! Zh (see (21). All error estimates in this table are

based on full simulation, and the entries marked with a ⇤ are
extrapolated from full simulation results.

measurement e�ciency S/B final.
�Zh in µ

+
µ
�
h 88% 1/1.3

BR(h ! bb) in qqh 33% 1/0.89
BR(h ! ⌧⌧) in qqh 37% 1/0.44
BR(h ! WW ) in ⌫⌫h 20% 1/1.6

TABLE XII: Typical signal e�ciencies (second column) and
signal over background ratio (S/B) after the final cuts (third
column) for some of the representative Higgs measurements

(first column) at the ILC.

lustrated in Fig. 45. Clearly, if one wishes to measure
the rate for h ! bb, there are strong advantages in start-
ing from a situation in which the signal stands well above
any background process that would need to be controlled.
The challenge of physics at a linear collider is to make
use of this advantage in the most optimal way and realize
the potential to achieve very high precision.
A full simulation analysis contains two components.

The first is the detector simulation. This provides the
realistic interactions between each final state particle and
any part of the detector that the particle passes through,
including creation of new particles during the interaction;
concrete algorithms for tracking, particle flow analysis,
vertex reconstruction and particle identification; the re-
sulting performance of the various detector resolutions
for track momentum, jet energy, and impact parameters;
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FIG. 44: Cross sections for the three major Higgs production
processes as a function of center of mass energy, from [138].
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FIG. 45: Upper: signal H ! bb and background events in
di↵erent categories of S/B measured by ATLAS [178, 179]

using LHC Run 2 data; lower: signal h ! bb and
background events in the bb mass spectrum expected from

the ILC full simulation [180].
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⇢(a, b) -99.17 -95.6⇤ -84.8

TABLE XI: Projected statistical errors, in %, for Higgs
boson measurements. The errors are quoted for luminosity
samples of 250 fb�1 for e+e� beams with -80% electron

polarization and +30% positron polarization. Except for the
first and last segments of each set, these are measurements
of � ·BR, relative to the Standard Model expectation. The
top lines gives the error for the total cross section relative to
the Standard Model and the 95% confidence upper limit on

the branching ratio for Higgs to invisible decays. The
bottom lines in each half give the expected errors on the a

and b parameters and their correlation (all in %) for
e
+
e
� ! Zh (see (21). All error estimates in this table are

based on full simulation, and the entries marked with a ⇤ are
extrapolated from full simulation results.

measurement e�ciency S/B final.
�Zh in µ

+
µ
�
h 88% 1/1.3

BR(h ! bb) in qqh 33% 1/0.89
BR(h ! ⌧⌧) in qqh 37% 1/0.44
BR(h ! WW ) in ⌫⌫h 20% 1/1.6

TABLE XII: Typical signal e�ciencies (second column) and
signal over background ratio (S/B) after the final cuts (third
column) for some of the representative Higgs measurements

(first column) at the ILC.

lustrated in Fig. 45. Clearly, if one wishes to measure
the rate for h ! bb, there are strong advantages in start-
ing from a situation in which the signal stands well above
any background process that would need to be controlled.
The challenge of physics at a linear collider is to make
use of this advantage in the most optimal way and realize
the potential to achieve very high precision.
A full simulation analysis contains two components.

The first is the detector simulation. This provides the
realistic interactions between each final state particle and
any part of the detector that the particle passes through,
including creation of new particles during the interaction;
concrete algorithms for tracking, particle flow analysis,
vertex reconstruction and particle identification; the re-
sulting performance of the various detector resolutions
for track momentum, jet energy, and impact parameters;

       O(106) (ZH) Higgses 
          O(105)(WWH) Higgses Statistics: 

Less number of Higgses than at HL-LHC but…

Clean  
environment: 

No pileup 
Beam background under control
E, p constraints 

Enables measurements not possible at LHC
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FIG. 44: Cross sections for the three major Higgs production
processes as a function of center of mass energy, from [138].

3.5− 3− 2.5− 2− 1.5− 1− 0.5− 0
(S/B)

10
log

210

310

410

510

610
Ev

en
ts

 / 
0.

35 Data 
=1.16)µ (b b→VH, H 

tt
Single top
Z+jets
Multijet
W+jets
Diboson

ATLAS
 -1 = 13 TeV, 79.8 fbs

3.5− 3− 2.5− 2− 1.5− 1− 0.5− 0
(S/B)

10
log

0

5

Pu
ll 

(s
ta

t.)

FIG. 45: Upper: signal H ! bb and background events in
di↵erent categories of S/B measured by ATLAS [178, 179]

using LHC Run 2 data; lower: signal h ! bb and
background events in the bb mass spectrum expected from

the ILC full simulation [180].

-80% e
�, +30% e

+ polarization:
250 GeV 350 GeV 500 GeV
Zh ⌫⌫h Zh ⌫⌫h Zh ⌫⌫h

� 2.0 1.8 4.2
h ! invis. 0.86 1.4 3.4
h ! bb 1.3 8.1 1.5 1.8 2.5 0.93
h ! cc 8.3 11 19 18 8.8
h ! gg 7.0 8.4 7.7 15 5.8
h ! WW 4.6 5.6⇤ 5.7⇤ 7.7 3.4
h ! ⌧⌧ 3.2 4.0⇤ 16⇤ 6.1 9.8
h ! ZZ 18 25⇤ 20⇤ 35⇤ 12⇤

h ! �� 34⇤ 39⇤ 45⇤ 47 27
h ! µµ 72 87⇤ 160⇤ 120 100

a 7.6 2.7⇤ 4.0
b 2.7 0.69⇤ 0.70
⇢(a, b) -99.17 -95.6⇤ -84.8

TABLE XI: Projected statistical errors, in %, for Higgs
boson measurements. The errors are quoted for luminosity
samples of 250 fb�1 for e+e� beams with -80% electron

polarization and +30% positron polarization. Except for the
first and last segments of each set, these are measurements
of � ·BR, relative to the Standard Model expectation. The
top lines gives the error for the total cross section relative to
the Standard Model and the 95% confidence upper limit on

the branching ratio for Higgs to invisible decays. The
bottom lines in each half give the expected errors on the a

and b parameters and their correlation (all in %) for
e
+
e
� ! Zh (see (21). All error estimates in this table are

based on full simulation, and the entries marked with a ⇤ are
extrapolated from full simulation results.

measurement e�ciency S/B final.
�Zh in µ

+
µ
�
h 88% 1/1.3

BR(h ! bb) in qqh 33% 1/0.89
BR(h ! ⌧⌧) in qqh 37% 1/0.44
BR(h ! WW ) in ⌫⌫h 20% 1/1.6

TABLE XII: Typical signal e�ciencies (second column) and
signal over background ratio (S/B) after the final cuts (third
column) for some of the representative Higgs measurements

(first column) at the ILC.

lustrated in Fig. 45. Clearly, if one wishes to measure
the rate for h ! bb, there are strong advantages in start-
ing from a situation in which the signal stands well above
any background process that would need to be controlled.
The challenge of physics at a linear collider is to make
use of this advantage in the most optimal way and realize
the potential to achieve very high precision.
A full simulation analysis contains two components.

The first is the detector simulation. This provides the
realistic interactions between each final state particle and
any part of the detector that the particle passes through,
including creation of new particles during the interaction;
concrete algorithms for tracking, particle flow analysis,
vertex reconstruction and particle identification; the re-
sulting performance of the various detector resolutions
for track momentum, jet energy, and impact parameters;
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Figure 10: Recoil mass distribution after all selections at
p

s = 240 GeV.

To further enhance sensitivity to the ZH signal, the selected events are subjected to a Boosted Decision1179

Tree (BDT), trained on the lepton-based input variables that maintain independence from specific Higgs boson1180

decay modes. Additional variables based on the lepton angles are also included. The training is conducted1181

separately for electron and muon events, as well as for both centre-of-mass energies. To retain the full1182

statistical power of all selected events, the BDT output distribution is employed to extract the ZH cross-section1183

uncertainty through a binned maximum likelihood fit. At
p

s = 240 GeV, the results show uncertainties of1184

0.76% for the muon final state and 0.92% for the electron final state, yielding a combined uncertainty of1185

0.58%. At
p

s = 365 GeV, the uncertainties are 1.91% for the muon final state and 2.13% for the electron final1186

state, with a combined uncertainty of 1.42%. Systematic uncertainties are found to be small compared to the1187

statistical ones, and the total uncertainties are 0.59% and 1.48% at 240 and 365 GeV, respectively.1188

Higgs mass1189

The Higgs mass is determined by reconstructing the recoil in both Z(µµH and Z(e+e�H events, com-1190

bined with precise knowledge of the centre-of-mass energy
p

s. This analysis is performed exclusively at1191 p
s = 240 GeV , as the sensitivity at

p
s = 365 GeV is negligible due to lower statistics and poorer recoil res-1192

olution at the higher energy. The latter is primarily affected by the increased beam energy spread and larger1193

initial-state radiation.1194

Starting from the baseline selection criteria for the cross-section analysis, an additional selection is applied1195

using cos(qmiss) < 0.98, with qmiss the polar angle of the missing energy vector, to further reduce the Zg1196

background. The remaining events are categorized based on the polar angles of the leptons: both central, one1197

central and one forward, and both forward. This allows differentiation of the recoil resolutions, accounting for1198

the varying material budget in different regions of the tracker. For each category, the recoil distribution is fitted1199

using an analytic function comprising two Crystal Ball functions and a Gaussian. This procedure is repeated1200

for off-peak samples (± 50 MeV) relative to the nominal Higgs mass of 125 GeV, with the backgrounds merged1201

and modeled using a polynomial function.1202

A maximum likelihood fit is used to determine the Higgs mass sensitivity based on analytic shape models,1203

yielding uncertainties of 3.92 MeV for the muon final state and 4.95 MeV for the electron final state, with a1204

combined uncertainty of 3.07 MeV. The electron channel shows slightly lower performance due to its poorer1205

resolution and the presence of a small VBF contribution in the t-channel, which broadens the recoil distribution.1206

The primary systematic uncertainty arises from the centre-of-mass energy, conservatively estimated to1207

be 2 MeV based on Z ! ll radiative return events. When this uncertainty, along with other less significant1208
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2	gHZZ
2	/	ΓH		→	measure	gHXX		to	a	few	per-mil	/	per-cent	

◆  Empty	recoil	=	invisible	Higgs	width;					Funny	recoil	=	exotic	Higgs	decays	

q  Added	value	from	WW	fusion	(mostly	at	350-365	GeV)	
◆  Hνν	→	bbνν	final	state,	rate		R2	∝	gHWW
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1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes

e
+

e
≠

æ W
+ú

W
≠ú

‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e
+

e
≠

æ Z
ú
Z

ú
e

+
e

≠
æ he

+
e

≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the

Z

Z
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W

W
H
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e
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e
−

H

t

t
-

γ/Z

Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes
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a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).
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Recolil mass method

Review of the Linear Collider physics case, Georg Weiglein, LCWS 2025, Valencia, 10 / 2025

``Golden channel’’: e+e� ! ZH,Z ! e
+
e
�
, µ

+
µ
�

Recoil method: detecting the Higgs boson without using its decay!

13

Since the Z ⟶ l+l- decay branching fraction is known from the e+e- 
collider LEP, this method yields an absolute measurement of the ZH 
cross section, the Higgs branching ratios and the Higgs width!

Higgs physics: what do we need to know?, Georg Weiglein, 121st ILC@DESY Project Meeting, DESY, Hamburg, 04 / 2015

``Golden channel’’ at the ILC: 

Recoil method: absolute measurement of ZH cross section and branching ratios

41
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2013-10-14 Higgs Couplings 2013 “Prospects for measuring Higgs boson couplings at the ILC" (T. Tanabe)�
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FIG. 13. For the case of the µ+µ�
H channel and e

�
L
e
+

R
at

p
s

= 250 GeV, in the region 110-155 GeV: (top) The Mrec spec-
tra of the signal MC events used in analysis plotted together
with the kernel function. (center) The Mrec spectrum of toy
MC events corresponding to the top plot. (bottom) Toy MC
events used for extracting �ZH and MH and their statistical
uncertainties, which are generated using the function which
fitted the top plot as input. The legend is the same as in
Figure 10.

TABLE V. The statistical uncertainties on �ZH and �MH,
assuming for each beam polarization a total integrated lumi-
nosity of 250 fb

�1, 333 fb
�1, and 500 fb

�1 for
p
s = 250, 350,

and 500 GeV, respectively. The results are given in the form
of separate and combined results of the µ+µ�

X and e
+
e
�
X

channels. p
s 250 GeV 350 GeV 500 GeV

��ZH/�ZH ��ZH/�ZH ��ZH/�ZH

e
�
L
e
+

R
µ+µ�

H 3.2% 3.9% 6.9%
e
+
e
�
H 4.0% 5.3% 7.2%

combined 2.5% 3.1% 5.0%
e
�
R
e
+

L
µ+µ�

H 3.6% 4.5% 8.1%
e
+
e
�
H 4.7% 6.1% 7.5%

combined 2.9% 3.6% 5.5%
p
s 250 GeV 350 GeV 500 GeV

�MH (MeV) �MH (MeV) �MH (MeV)
e
�
L
e
+

R
µ+µ�

H 39 103 592
e
+
e
�
H 121 450 1160

combined 37 100 527
e
�
R
e
+

L
µ+µ�

H 43 120 660
e
+
e
�
H 149 502 1190

combined 41 117 577

TABLE VI. The model independent statistical uncertainties
on �ZH obtained by combining the results of ��ZH/�ZH in
Table V with those of the invisible Higgs decay analysis, as-
suming for each beam polarization a total integrated luminos-
ity of 250 fb

�1, 333 fb
�1, and 500 fb

�1 for
p
s = 250, 350,

and 500 GeV, respectively.

Pol.
p
s 250 GeV 350 GeV 500 GeV

e
�
L
e
+

R
��ZH/�ZH 2.5% 3.2% 5.1%

e
�
R
e
+

L
��ZH/�ZH 2.9% 3.6% 5.6%

be extracted as

�ZH =
NS

RlL⌃
i
Bi"i

⌘ NS

RlL"
, (7)

where " = ⌃
i
Bi"i is the expected efficiency for all decay

modes. In this case, the bias on �ZH depends on the de-
termination of ". This is discussed as follows in terms of
three possible scenarios of our knowledge of Higgs decay
at the time of �ZH measurement.

• scenario A: all Higgs decay modes and the corre-
sponding Bi for each mode are known. In this
rather unlikely case, " can be determined simply
by summing up over all modes, leaving no question
of model independence.

• scenario B: Bi is completely unknown for every
mode. We would examine the discrepancy in ✏i by

⇒ Large quantitative + qualitative improvements over HL-LHC                                                                                                                
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high centre-of-mass energies and beam polarisation, take a fresh look at the various acceler-
ator technologies available or under development and, for the first time, discuss how a facility first
equipped with a technology that is mature today could be upgraded with technologies of tomorrow
to reach much higher energies and/or luminosities. In addition, we discuss detectors, alternat-
ive collider modes, as well as opportunities for beyond-collider experiments and R&D facilities as
part of a linear collider facility (LCF). The material of this paper supports all plans for e+e– linear
colliders and additional opportunities they offer, independently of technology choice or proposed
site, as well as R&D for advanced accelerator technologies. This joint perspective on the phys-
ics goals, early technologies and upgrade strategies has been developed by the LCVision team
based on an initial discussion at LCWS2024 in Tokyo and a follow-up at the LCVision Community
Event at CERN in January 2025. It heavily builds on decades of achievements of the global linear
collider community, in particular in the context of CLIC and ILC.
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FIG. 44: Cross sections for the three major Higgs production
processes as a function of center of mass energy, from [138].
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FIG. 45: Upper: signal H ! bb and background events in
di↵erent categories of S/B measured by ATLAS [178, 179]

using LHC Run 2 data; lower: signal h ! bb and
background events in the bb mass spectrum expected from

the ILC full simulation [180].

-80% e
�, +30% e

+ polarization:
250 GeV 350 GeV 500 GeV
Zh ⌫⌫h Zh ⌫⌫h Zh ⌫⌫h

� 2.0 1.8 4.2
h ! invis. 0.86 1.4 3.4
h ! bb 1.3 8.1 1.5 1.8 2.5 0.93
h ! cc 8.3 11 19 18 8.8
h ! gg 7.0 8.4 7.7 15 5.8
h ! WW 4.6 5.6⇤ 5.7⇤ 7.7 3.4
h ! ⌧⌧ 3.2 4.0⇤ 16⇤ 6.1 9.8
h ! ZZ 18 25⇤ 20⇤ 35⇤ 12⇤

h ! �� 34⇤ 39⇤ 45⇤ 47 27
h ! µµ 72 87⇤ 160⇤ 120 100

a 7.6 2.7⇤ 4.0
b 2.7 0.69⇤ 0.70
⇢(a, b) -99.17 -95.6⇤ -84.8

TABLE XI: Projected statistical errors, in %, for Higgs
boson measurements. The errors are quoted for luminosity
samples of 250 fb�1 for e+e� beams with -80% electron

polarization and +30% positron polarization. Except for the
first and last segments of each set, these are measurements
of � ·BR, relative to the Standard Model expectation. The
top lines gives the error for the total cross section relative to
the Standard Model and the 95% confidence upper limit on

the branching ratio for Higgs to invisible decays. The
bottom lines in each half give the expected errors on the a

and b parameters and their correlation (all in %) for
e
+
e
� ! Zh (see (21). All error estimates in this table are

based on full simulation, and the entries marked with a ⇤ are
extrapolated from full simulation results.

measurement e�ciency S/B final.
�Zh in µ

+
µ
�
h 88% 1/1.3

BR(h ! bb) in qqh 33% 1/0.89
BR(h ! ⌧⌧) in qqh 37% 1/0.44
BR(h ! WW ) in ⌫⌫h 20% 1/1.6

TABLE XII: Typical signal e�ciencies (second column) and
signal over background ratio (S/B) after the final cuts (third
column) for some of the representative Higgs measurements

(first column) at the ILC.

lustrated in Fig. 45. Clearly, if one wishes to measure
the rate for h ! bb, there are strong advantages in start-
ing from a situation in which the signal stands well above
any background process that would need to be controlled.
The challenge of physics at a linear collider is to make
use of this advantage in the most optimal way and realize
the potential to achieve very high precision.
A full simulation analysis contains two components.

The first is the detector simulation. This provides the
realistic interactions between each final state particle and
any part of the detector that the particle passes through,
including creation of new particles during the interaction;
concrete algorithms for tracking, particle flow analysis,
vertex reconstruction and particle identification; the re-
sulting performance of the various detector resolutions
for track momentum, jet energy, and impact parameters;
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).
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boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.

18

68% probability sensitivity - All scenarios combined with HL-LHC

HL-LHC LHeC FCC-hh

LCFZ/250/550/1000 CLIC380/1500/3000

LEP3

FCC-ee + FCC-hh

MuC10TeV

LCFZ/250/550 CLIC380/1500 FCC-eeZ/WW/240/365

LCFZ/250 CLIC380 FCC-eeZ/WW/240

+MuC10 +FCC-hh

0.0
0.2
0.4
0.6
0.8
1.0
1.2

κZ

δκ
[%

]

0.0

0.5

1.0

1.5

κW

δκ
[%

]

0.0

0.5

1.0

1.5

2.0

κg

δκ
[%

]

0.0

0.5

1.0

1.5

κγ

δκ
[%

]

0

1

2

3

4

5

6

κZγ

δκ
[%

]

0

1

2

3

4

κc

δκ
[%

]

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

κt

δκ
[%

]

0.0

0.5

1.0

1.5

2.0

2.5

κb

δκ
[%

]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

κμ

δκ
[%

]

0.0

0.5

1.0

1.5

κτ

δκ
[%

]

0.0

0.5

1.0

1.5

2.0

BRinv

B
R
in
v

95
%
[%

]

0

1

2

3

4

ΓH

δΓ
H
[%

]
Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.

18

68% probability sensitivity - All scenarios combined with HL-LHC

HL-LHC LHeC FCC-hh

LCFZ/250/550/1000 CLIC380/1500/3000

LEP3

FCC-ee + FCC-hh

MuC10TeV

LCFZ/250/550 CLIC380/1500 FCC-eeZ/WW/240/365

LCFZ/250 CLIC380 FCC-eeZ/WW/240

+MuC10 +FCC-hh

0.0
0.2
0.4
0.6
0.8
1.0
1.2

κZ

δκ
[%

]

0.0

0.5

1.0

1.5

κW

δκ
[%

]

0.0

0.5

1.0

1.5

2.0

κg

δκ
[%

]

0.0

0.5

1.0

1.5

κγ

δκ
[%

]

0

1

2

3

4

5

6

κZγ

δκ
[%

]

0

1

2

3

4

κc

δκ
[%

]

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

κt

δκ
[%

]

0.0

0.5

1.0

1.5

2.0

2.5

κb

δκ
[%

]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

κμ

δκ
[%

]

0.0

0.5

1.0

1.5

κτ

δκ
[%

]

0.0

0.5

1.0

1.5

2.0

BRinv

B
R
in
v

95
%
[%

]

0

1

2

3

4

ΓH

δΓ
H
[%

]

Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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FIG. 6: Representative topologies of the Higgs exotic decays [34].

The results of which are shown in Fig. 7. The analysis provides the projected exclusion limits

at the 95% C.L. for the CEPC with an integrated luminosity of 20 ab�1. Additionally, the

forecasted sensitivities for the LHC represented by gray bars are included. The projections

for the LHC are based on the most current sensitivity estimates. However, several of these

projections are either non-existent or notably conservative. More contemporaneous inves-

tigations, such as those presented in Ref. [38] concerning the decay h ! 4⌧ , and Ref. [39]

about the decay h ! 4b, have shown the consistency of these sensitivity projections.

The LHC is expected to impose stringent constraints on a large number of decay chan-

nels that involve muons, electrons, and photons. In the context of the more formidable

channels that are dependent on the detection of jets, heavy quarks, and tau leptons, the

prospective enhancements in sensitivity compared to current LHC projections span from
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Fig. 3.1: 68% probability sensitivity to deviations from the SM on the k parameters associated
to the different Higgs boson couplings compared across different collider types and energies.
Also shown are the 95% probability upper limits on the branching fractions of the Higgs bo-
son into invisible (BSM) states and the precision on the indirect determination of the Higgs
boson width. The pp and ep scenarios are separated from the ones of lepton colliders to indi-
cate the difference in assumptions that go into the interpretation at the two types of colliders.
In particular, the constraint kW,Z  1 is assumed for the pp and ep interpretations. In these
cases, the reported value for kW,Z refers to the lower bound of the 68% probability interval
(i.e. 1 � kW,Z < dk with 68% probability). The combinations of the LHeC and LEP3 with
the FCC-hh are indicated with the "T" bars, whereas combinations of LCF and LEP3 with the
10 TeV muon collider are show with the empty bars. For the FCC-hh only scenario, the results
are shown assuming the theory uncertainties stay as in the HL-LHC (in grey) or improve by a
factor of two (dark blue).

lepton colliders, there is no need for this additional assumption, since the normalisation for all
couplings can be obtained via the total ZH cross-section for e+e�colliders or via neutral-current
(µ+µ� ! µ+µ�H) interactions with forward muon tagging at a muon collider.

All e+e�and high-energy colliders yield significant improvements in precision of the cou-
pling modifiers compared to the HL-LHC. For e+e�energies around 250 GeV, the FCC-ee pro-
vides the highest precision compared to LEP3 and the LCF due to its large luminosity. For some
rare decays such as H ! µ+µ� and H ! Zg , strong improvement in precision is only obtained
by the FCC-hh. All proposed collider projects shown here can perform precise measurements
of 2nd generation couplings such as that to charm quarks, which are difficult to measure at the
HL-LHC1. The strange quark Yukawa coupling, not shown in the figure, can also be constrained

1The FCC-hh only projection is not shown because the input data was not available.
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Beyond the LHC reach
2nd quark families

3rd family:  
factor ~10 improvement  

wrt LHC 

(O(1) sensitivity to strange)

HZZ 
factor ~10 improvement  
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O(0.1%)

BR(H→inv) < 0.08%  

BR(H→exo) < 0.7%  

H→BSM
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What does this precision bring to the table?
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Fig. 8.6: Schematic relation between fine-tuning D and minimal deviations in Higgs couplings
(universal shift cH and deviations dk/k in the hhh and hgg couplings). The band indicates
the model dependence in mapping a UV theory to these observables. Horizontal lines show
projected precisions (95% CL) of various future collider scenarios . This highlights how Higgs
precision measurements inform expectations for tuning in neutral naturalness scenarios.

nature of the top partners, so that they are neutral under some or all SM interactions. The two
canonical examples are the Twin Higgs [414] and Folded SUSY [415] models, both of which
exhibit these features.

The paradigm of neutral naturalness has two major implications for the correlation be-
tween the tuning in the model and the limits on the search for new physics effects. The first
is that direct search limits are weaker because the top partners in neutral naturalness models
are un-coloured and in principle can evade direct discovery at a collider, though searches for
long-lived particles (LLPs) could provide sensitivity to many models [416, 417]. The second
is that the calculable contribution to the Higgs mass due to the combination of the top and top
partner loops scales as1

dm2
H ⇠ y2

t

16p2 m2
NP , (8.1)

where m2
H is the Higgs mass squared parameter, mNP is the mass of the new top partner states,

and yt is the top Yukawa coupling. Overall, this implies that the tuning D ⌘ dm2
H/m2

H in such
models naively scales as D ⇠ m2

NP. Assuming neutral top partners evade direct discovery, their
leading effects may appear in precision electroweak observables. Dimensional analysis sug-
gests that these contributions to Higgs observables scale as 1/m2

NP. Including naive coupling
factors yields the estimates in Fig. 8.6, illustrating the potential impact of precision Higgs mea-
surements on probing these models.

8.3 Scalar sector
The Higgs boson is the first known scalar particle that appears to be elementary. This invites
the search for additional scalars: given that the J = 1/2 and J = 1 sectors of the Universe are
rich in multiplicity, why not the J = 0 sector as well? Additional scalars are closely tied to the

1Note that for the MSSM there is also a tree-level contribution Dm2
H ⇠ m2

NP, where mNP is the mass of the
Higgsinos, which are harder to discover due to the smaller production rate and the intrinsic small splitting.
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Fig. 8.6: Schematic relation between fine-tuning D and minimal deviations in Higgs couplings
(universal shift cH and deviations dk/k in the hhh and hgg couplings). The band indicates
the model dependence in mapping a UV theory to these observables. Horizontal lines show
projected precisions (95% CL) of various future collider scenarios . This highlights how Higgs
precision measurements inform expectations for tuning in neutral naturalness scenarios.

nature of the top partners, so that they are neutral under some or all SM interactions. The two
canonical examples are the Twin Higgs [414] and Folded SUSY [415] models, both of which
exhibit these features.

The paradigm of neutral naturalness has two major implications for the correlation be-
tween the tuning in the model and the limits on the search for new physics effects. The first
is that direct search limits are weaker because the top partners in neutral naturalness models
are un-coloured and in principle can evade direct discovery at a collider, though searches for
long-lived particles (LLPs) could provide sensitivity to many models [416, 417]. The second
is that the calculable contribution to the Higgs mass due to the combination of the top and top
partner loops scales as1
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16p2 m2
NP , (8.1)

where m2
H is the Higgs mass squared parameter, mNP is the mass of the new top partner states,

and yt is the top Yukawa coupling. Overall, this implies that the tuning D ⌘ dm2
H/m2

H in such
models naively scales as D ⇠ m2

NP. Assuming neutral top partners evade direct discovery, their
leading effects may appear in precision electroweak observables. Dimensional analysis sug-
gests that these contributions to Higgs observables scale as 1/m2

NP. Including naive coupling
factors yields the estimates in Fig. 8.6, illustrating the potential impact of precision Higgs mea-
surements on probing these models.

8.3 Scalar sector
The Higgs boson is the first known scalar particle that appears to be elementary. This invites
the search for additional scalars: given that the J = 1/2 and J = 1 sectors of the Universe are
rich in multiplicity, why not the J = 0 sector as well? Additional scalars are closely tied to the

1Note that for the MSSM there is also a tree-level contribution Dm2
H ⇠ m2

NP, where mNP is the mass of the
Higgsinos, which are harder to discover due to the smaller production rate and the intrinsic small splitting.
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Could resolve some puzzles of the SM, providing 
the microscopic origin of Higgs, like QCD for pions.

Such models can be thought of as realising the 
Higgs boson analogously to the pion in QCD.

Should also get other heavy resonances then!
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ūi�µuj

� �
d̄k�µdl

�
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Fig. 8.6: Schematic relation between fine-tuning D and minimal deviations in Higgs couplings
(universal shift cH and deviations dk/k in the hhh and hgg couplings). The band indicates
the model dependence in mapping a UV theory to these observables. Horizontal lines show
projected precisions (95% CL) of various future collider scenarios . This highlights how Higgs
precision measurements inform expectations for tuning in neutral naturalness scenarios.

nature of the top partners, so that they are neutral under some or all SM interactions. The two
canonical examples are the Twin Higgs [414] and Folded SUSY [415] models, both of which
exhibit these features.

The paradigm of neutral naturalness has two major implications for the correlation be-
tween the tuning in the model and the limits on the search for new physics effects. The first
is that direct search limits are weaker because the top partners in neutral naturalness models
are un-coloured and in principle can evade direct discovery at a collider, though searches for
long-lived particles (LLPs) could provide sensitivity to many models [416, 417]. The second
is that the calculable contribution to the Higgs mass due to the combination of the top and top
partner loops scales as1

dm2
H ⇠ y2

t

16p2 m2
NP , (8.1)

where m2
H is the Higgs mass squared parameter, mNP is the mass of the new top partner states,

and yt is the top Yukawa coupling. Overall, this implies that the tuning D ⌘ dm2
H/m2

H in such
models naively scales as D ⇠ m2

NP. Assuming neutral top partners evade direct discovery, their
leading effects may appear in precision electroweak observables. Dimensional analysis sug-
gests that these contributions to Higgs observables scale as 1/m2

NP. Including naive coupling
factors yields the estimates in Fig. 8.6, illustrating the potential impact of precision Higgs mea-
surements on probing these models.

8.3 Scalar sector
The Higgs boson is the first known scalar particle that appears to be elementary. This invites
the search for additional scalars: given that the J = 1/2 and J = 1 sectors of the Universe are
rich in multiplicity, why not the J = 0 sector as well? Additional scalars are closely tied to the

1Note that for the MSSM there is also a tree-level contribution Dm2
H ⇠ m2

NP, where mNP is the mass of the
Higgsinos, which are harder to discover due to the smaller production rate and the intrinsic small splitting.
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Fig. 8.6: Schematic relation between fine-tuning D and minimal deviations in Higgs couplings
(universal shift cH and deviations dk/k in the hhh and hgg couplings). The band indicates
the model dependence in mapping a UV theory to these observables. Horizontal lines show
projected precisions (95% CL) of various future collider scenarios . This highlights how Higgs
precision measurements inform expectations for tuning in neutral naturalness scenarios.

nature of the top partners, so that they are neutral under some or all SM interactions. The two
canonical examples are the Twin Higgs [414] and Folded SUSY [415] models, both of which
exhibit these features.

The paradigm of neutral naturalness has two major implications for the correlation be-
tween the tuning in the model and the limits on the search for new physics effects. The first
is that direct search limits are weaker because the top partners in neutral naturalness models
are un-coloured and in principle can evade direct discovery at a collider, though searches for
long-lived particles (LLPs) could provide sensitivity to many models [416, 417]. The second
is that the calculable contribution to the Higgs mass due to the combination of the top and top
partner loops scales as1

dm2
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t

16p2 m2
NP , (8.1)

where m2
H is the Higgs mass squared parameter, mNP is the mass of the new top partner states,

and yt is the top Yukawa coupling. Overall, this implies that the tuning D ⌘ dm2
H/m2

H in such
models naively scales as D ⇠ m2

NP. Assuming neutral top partners evade direct discovery, their
leading effects may appear in precision electroweak observables. Dimensional analysis sug-
gests that these contributions to Higgs observables scale as 1/m2

NP. Including naive coupling
factors yields the estimates in Fig. 8.6, illustrating the potential impact of precision Higgs mea-
surements on probing these models.

8.3 Scalar sector
The Higgs boson is the first known scalar particle that appears to be elementary. This invites
the search for additional scalars: given that the J = 1/2 and J = 1 sectors of the Universe are
rich in multiplicity, why not the J = 0 sector as well? Additional scalars are closely tied to the

1Note that for the MSSM there is also a tree-level contribution Dm2
H ⇠ m2

NP, where mNP is the mass of the
Higgsinos, which are harder to discover due to the smaller production rate and the intrinsic small splitting.
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Testing the Higgs potential at future colliders

(a) Higgs self-energy (b) e+e� ! ZH (c) Z-pole oblique params.

Figure 2: New physics a↵ecting the Higgs self-energy in (a), contributing to Higgs observ-

ables at LO in (b), and Z-pole observables at NLO in (c). Red squares indicate SMEFT

contributions to the Higgs propagator.

(a) Higgs self-coupling (b) e+e� ! ZH (c) Z-pole oblique params.

Figure 3: New physics a↵ecting the Higgs self-coupling in (a), contributing to Higgs

observables at NLO in (b), and Z-pole observables at NNLO in (c). Red squares indicate

SMEFT contributions to the vertex.

where Qi are dimension-6 operators and Ci are the dimensionless Wilson coe�cients gen-
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photon-exchange diagrams, sensitive to SMEFT HZg interactions. As the same operators gen-
erating these effects also contribute to the Higgs couplings to vector bosons, polarisation at
energies of 250 GeV helps to improve the precision on HZZ with respect to the case of non-
polarised beams.

The HL-LHC expects to obtain a precision on the Higgs cubic interaction, l3, of 27%.
For e+e�projects running below a centre-of-mass energy of roughly 450 GeV, l3 can be de-
termined via single-Higgs boson measurements, where it contributes via loop-level corrections;
at energies above this threshold, it can be determined via HH production threshold, where it
contributes at tree level. The former method requires precision Higgs bosons measurements
obtained at two different centre-of-mass energies, to break degeneracies. Furthermore, a wide
range of measured observables, especially those involving top quarks, are needed to constrain
other, non-l3, loop-level contributions. Being sensitive to different types of effects aside from
l3 brings an interesting complementarity between HH and single-Higgs determinations, where
a non-SM signal observed in one process and not confirmed by the other would be evidence of
additional BSM corrections.
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Fig. 3.7: 68% probability sensitivity to
modifications of the Higgs trilinear cou-
pling in the dimension-six U(2)5-symmetric
SMEFT framework. The uncertainty band
in the figure reflects the result obtained from
single-Higgs measurements under the aggres-
sive/conservative scenarios for the theory un-
certainties considered in this study.

Figure 3.7 shows the projected preci-
sion on l3 for the different collider options.
As clearly seen in the figure, e+e�colliders
running at only an energy around 230 GeV,
e.g. LEP3, LC at 250 GeV, FCC-ee 240 GeV,
yield no significant improvement in l3 com-
pared to the HL-LHC. The combination of the
HL-LHC and the FCC-ee, which includes a
second energy point below the HH threshold,
would yield a precision ⇠17-20%. When run-
ning at an energy above the HH threshold, the
precision on l3 improves. At linear colliders
with energies of 550 GeV and 3 TeV a preci-
sion of 7-11% could be obtainable [52]. (The
precision reported in the figure takes into ac-
count both the HH determination and the one
from single-Higgs measurements.) However,
high-energy machines like a hadron collider
or a muon collider are needed to reach the few
percent-level precision. Both machines could
obtain a precision on the self-coupling 3-4%
for the SM value.

The value of l3, which is assumed in
this fit to be the SM value, affects the cross-
sections of the different HH processes (see
Sect. 4.4. of Ref. [ID141]). At the HL-
LHC, due to the negative interference be-
tween the l3 and box diagrams, the absolute
precision deteriorates for 1.5 < l3/l SM

3 <
4.5 (although the relative precision still im-

proves) [ID170]. At the LC above 550 GeV, for l3 > l SM
3 the pattern of interference in ZHH

34

(Lower is better)

Higgs self-coupling precision

Figure 2: Left: Expected ATLAS+CMS 3 likelihood scans for single decay channels and the combination for 3 ab�1 for
the S3 scenario, obtained fixing 

true
3 = 1. Right: The ATLAS+CMS projections for 2V in the S2 and S3 scenarios, fixing


true
2V = 1.

ab�1 in the S2 scenario, increasing to more than 7� with 3 ab�1 (to be compared to the 4� projection reported for
the previous European Strategy [1, 2]). Going from S2 to S3 brings 5% gain in precision, while the increase in lu-
minosity from 2 to 3 ab�1 brings a gain of 20% on the signal significance. While a single-experiment observation
is unlikely at 2 ab�1, it’s possibly in reach at 3 ab�1, also in view of further analysis optimization. A precision on
3 below 30%, namely -26% / +29%, can be obtained in the S3 scenario with 3 ab�1.

Figure 3: Comparison of the ESPPU 2020 and ESPPU 2026 projected
3 ab�1

HH sensitivities from various final states, and their combina-
tions.

A comparison of this projection to that
of the previous European Strategy (see Fig. 3)
shows how various improvements in the analy-
sis technique translate into a much stronger pro-
jection. Even neglecting the improvements com-
ing from the detector upgrades, it is expected
that further optimization in the ongoing LHC run
and during the HL-LHC phase would follow this
trend and the uncertainty on 3 will then be re-
duced well below 30%.

Modifications of the VVHH coupling are
parametrized by the 2V coupling modifier,
which can be accessed via the measurement of
vector boson fusion (VBF) HH production. Fig-
ure 2 (right) shows the sensitivity expected from
ATLAS+CMS on 2V with 2 and 3 ab�1, as-
suming 

true
2V = 

SM
2V = 1. The combined

projection is based on the ATLAS boosted VBF
HH ! bb̄bb̄ search [55, 56], as the sensitivity
of this process is dominant. In the S2 scenario, a
2V precision of ⇠ 13% is expected with 3 ab�1.

In Fig. 4 (left), the ATLAS+CMS projections on the precision of the 3 determination for different possible
values of the Higgs trilinear coupling are displayed for the S2 scenario and 3 ab�1. Because of a destructive
interference between the box diagram and the diagram with the trilinear coupling in ggF production, the HH
production cross section at the HL-LHC is minimal when the true value of 3 (true

3 ) is about 2.5. Regardless of
the consequent drop in signal yield, the ATLAS+CMS 3 combination can exclude the SM value of 3 at 95% CL
for 

true
3 & 1.7 and 

true
3 . 0.5. In addition, thanks to the improvement in precision, the shape of the expected

likelihood as a function of 3 has a unique minimum, regardless of the true value of 3 , i.e. the second local
minimum observed in the previous projection [3] is removed.
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the Z pole. Similarly, Fig. 3 shows that a vertex correction to the Higgs self-coupling will

– 7 –

Higgs probes of self-coupling

HH productionPrecision single H

(a) Higgs self-energy (b) e+e� ! ZH (c) Z-pole oblique params.

Figure 2: New physics a↵ecting the Higgs self-energy in (a), contributing to Higgs observ-

ables at LO in (b), and Z-pole observables at NLO in (c). Red squares indicate SMEFT

contributions to the Higgs propagator.

(a) Higgs self-coupling (b) e+e� ! ZH (c) Z-pole oblique params.

Figure 3: New physics a↵ecting the Higgs self-coupling in (a), contributing to Higgs

observables at NLO in (b), and Z-pole observables at NNLO in (c). Red squares indicate

SMEFT contributions to the vertex.

where Qi are dimension-6 operators and Ci are the dimensionless Wilson coe�cients gen-

erated by heavy new physics at a scale ⇤. We will take ⇤ = 1 TeV unless otherwise stated.

It will be convenient to use the SILH basis [23, 24] to characterise pure gauge operators,

for which we adopt the following notation for the Wilson coe�cients and operators,

LSMEFT �

X

i

Si

⇤2
O

SILH

i . (3.2)

For more concise expressions we will sometimes employ dimensionful Wilson coe�cients

defined as Ci ⌘ Ci/⇤2 and Si ⌘ Si/⇤2.

The SMEFT language provides a systematic way of exploring modifications from heavy

BSM physics that are correlated across di↵erent measurements at various energies (for

some recent global fits, see e.g. Refs. [5, 29, 33–40]). Our approach is to focus on o↵-pole

operators that enter the Z-pole at one higher loop order, as well as energy-enhanced o↵-

pole operators that also enter at the Z-pole. We begin by illustrating our point with Higgs

sector modifications before considering pure gauge operators and then summarising recent

four-fermion results.

3.1 Higgs coupling modifications

A Higgs factory will be sensitive at leading order to new physics modifying the Higgs self-

energy in the process e+e� ! ZH, as illustrated by the propagator correction in Fig. 2;

we also see in Fig. 2 that it necessarily also enters at NLO in the oblique parameters on

the Z pole. Similarly, Fig. 3 shows that a vertex correction to the Higgs self-coupling will

– 7 –

√s
HH 

threshold

Operators tested outside Higgs physics

Potentially new BSM-effects in h physics 
could have been already tested in the vacuum

SM Scalar is the excitation around the EWSB vacuum: 

! = v+h

H
†
DµHf̄�

µ
f

=
1

2v
⇥

Modifications in h→Zff  related to Z→ff      

vacuum

e.g.

Jan 24, 2019J. de Blas & C. Grojean �8

Jorge de Blas - U. of Granada 
Electroweak and Higgs physics at future colliders 

October 22, 2025 35



Z/�

H

Z

H

Z/�

t

t

t

Z/�

Z

e

e

W

W

W

⌫e

e

Z

eZ/�

⌫e

W

⌫eW

W

⌫e

⌫e

Z/�

t

t

Z

H

Z

Figure 2. Sample virtual diagrams contributing to e+e� ! HZ at NLO in the dimension-6
SMEFT. We show contributions with one-loop vertex corrections (first row), planar and non-planar
box diagrams (second row), and contributions with 4-point interactions (third row).

where the first sum over k enumerates the loop expansion, and the second expansion,

enumerated by n, is performed in the inverse powers of ⇤: ⇤�n. For example, the LO

amplitude in SMEFT will be denoted by A
[0]. At the same time, the tree-level dimension-

6 SMEFT contribution is A
(0,2). We use this notation for both amplitudes and cross-

sections.

The LO SM amplitudes are

M (0,0)
L

=
2
p
2GFMZ

(s�M2
Z
)
(2M2

W �M2
Z) ,

M (0,0)
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4
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(s�M2
Z
)

.

(2.17)

The tree level SMEFT result for Higgsstrahlung is computed using the FeynRules [13] !

FeynCalc [14] tool-chain. We neglect all Yukawa couplings except for that of the top quark.

The NLO calculation of the e+e� ! ZH inclusive cross-section has three ingredients:

one-loop virtual contributions, the counter-terms needed for renormalization of the UV

divergences, and the real photon correction, which is required to obtain an IR finite result

according to the celebrated Kinoshita-Lee-Nauenberg (KLM) theorem [15, 16]. Our com-

plete SMEFT result reduces to the NLO SM result in the limit ⇤ ! 1 and we find perfect

agreement with the well-known SM one-loop result [2, 17–20].
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6 SMEFT contribution is A
(0,2). We use this notation for both amplitudes and cross-
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The tree level SMEFT result for Higgsstrahlung is computed using the FeynRules [13] !

FeynCalc [14] tool-chain. We neglect all Yukawa couplings except for that of the top quark.

The NLO calculation of the e+e� ! ZH inclusive cross-section has three ingredients:

one-loop virtual contributions, the counter-terms needed for renormalization of the UV

divergences, and the real photon correction, which is required to obtain an IR finite result

according to the celebrated Kinoshita-Lee-Nauenberg (KLM) theorem [15, 16]. Our com-

plete SMEFT result reduces to the NLO SM result in the limit ⇤ ! 1 and we find perfect

agreement with the well-known SM one-loop result [2, 17–20].
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Figure 2. Sample virtual diagrams contributing to e+e� ! HZ at NLO in the dimension-6
SMEFT. We show contributions with one-loop vertex corrections (first row), planar and non-planar
box diagrams (second row), and contributions with 4-point interactions (third row).
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Figure 2: New physics a↵ecting the Higgs self-energy in (a), contributing to Higgs observ-
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Figure 3: New physics a↵ecting the Higgs self-coupling in (a), contributing to Higgs

observables at NLO in (b), and Z-pole observables at NNLO in (c). Red squares indicate

SMEFT contributions to the vertex.

where Qi are dimension-6 operators and Ci are the dimensionless Wilson coe�cients gen-

erated by heavy new physics at a scale ⇤. We will take ⇤ = 1 TeV unless otherwise stated.

It will be convenient to use the SILH basis [23, 24] to characterise pure gauge operators,

for which we adopt the following notation for the Wilson coe�cients and operators,

LSMEFT �

X

i

Si

⇤2
O

SILH

i . (3.2)

For more concise expressions we will sometimes employ dimensionful Wilson coe�cients

defined as Ci ⌘ Ci/⇤2 and Si ⌘ Si/⇤2.

The SMEFT language provides a systematic way of exploring modifications from heavy

BSM physics that are correlated across di↵erent measurements at various energies (for

some recent global fits, see e.g. Refs. [5, 29, 33–40]). Our approach is to focus on o↵-pole

operators that enter the Z-pole at one higher loop order, as well as energy-enhanced o↵-

pole operators that also enter at the Z-pole. We begin by illustrating our point with Higgs

sector modifications before considering pure gauge operators and then summarising recent

four-fermion results.

3.1 Higgs coupling modifications

A Higgs factory will be sensitive at leading order to new physics modifying the Higgs self-

energy in the process e+e� ! ZH, as illustrated by the propagator correction in Fig. 2;

we also see in Fig. 2 that it necessarily also enters at NLO in the oblique parameters on

the Z pole. Similarly, Fig. 3 shows that a vertex correction to the Higgs self-coupling will
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photon-exchange diagrams, sensitive to SMEFT HZg interactions. As the same operators gen-
erating these effects also contribute to the Higgs couplings to vector bosons, polarisation at
energies of 250 GeV helps to improve the precision on HZZ with respect to the case of non-
polarised beams.

The HL-LHC expects to obtain a precision on the Higgs cubic interaction, l3, of 27%.
For e+e�projects running below a centre-of-mass energy of roughly 450 GeV, l3 can be de-
termined via single-Higgs boson measurements, where it contributes via loop-level corrections;
at energies above this threshold, it can be determined via HH production threshold, where it
contributes at tree level. The former method requires precision Higgs bosons measurements
obtained at two different centre-of-mass energies, to break degeneracies. Furthermore, a wide
range of measured observables, especially those involving top quarks, are needed to constrain
other, non-l3, loop-level contributions. Being sensitive to different types of effects aside from
l3 brings an interesting complementarity between HH and single-Higgs determinations, where
a non-SM signal observed in one process and not confirmed by the other would be evidence of
additional BSM corrections.
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Fig. 3.7: 68% probability sensitivity to
modifications of the Higgs trilinear cou-
pling in the dimension-six U(2)5-symmetric
SMEFT framework. The uncertainty band
in the figure reflects the result obtained from
single-Higgs measurements under the aggres-
sive/conservative scenarios for the theory un-
certainties considered in this study.

Figure 3.7 shows the projected preci-
sion on l3 for the different collider options.
As clearly seen in the figure, e+e�colliders
running at only an energy around 230 GeV,
e.g. LEP3, LC at 250 GeV, FCC-ee 240 GeV,
yield no significant improvement in l3 com-
pared to the HL-LHC. The combination of the
HL-LHC and the FCC-ee, which includes a
second energy point below the HH threshold,
would yield a precision ⇠17-20%. When run-
ning at an energy above the HH threshold, the
precision on l3 improves. At linear colliders
with energies of 550 GeV and 3 TeV a preci-
sion of 7-11% could be obtainable [52]. (The
precision reported in the figure takes into ac-
count both the HH determination and the one
from single-Higgs measurements.) However,
high-energy machines like a hadron collider
or a muon collider are needed to reach the few
percent-level precision. Both machines could
obtain a precision on the self-coupling 3-4%
for the SM value.

The value of l3, which is assumed in
this fit to be the SM value, affects the cross-
sections of the different HH processes (see
Sect. 4.4. of Ref. [ID141]). At the HL-
LHC, due to the negative interference be-
tween the l3 and box diagrams, the absolute
precision deteriorates for 1.5 < l3/l SM

3 <
4.5 (although the relative precision still im-

proves) [ID170]. At the LC above 550 GeV, for l3 > l SM
3 the pattern of interference in ZHH
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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photon-exchange diagrams, sensitive to SMEFT HZg interactions. As the same operators gen-
erating these effects also contribute to the Higgs couplings to vector bosons, polarisation at
energies of 250 GeV helps to improve the precision on HZZ with respect to the case of non-
polarised beams.

The HL-LHC expects to obtain a precision on the Higgs cubic interaction, l3, of 27%.
For e+e�projects running below a centre-of-mass energy of roughly 450 GeV, l3 can be de-
termined via single-Higgs boson measurements, where it contributes via loop-level corrections;
at energies above this threshold, it can be determined via HH production threshold, where it
contributes at tree level. The former method requires precision Higgs bosons measurements
obtained at two different centre-of-mass energies, to break degeneracies. Furthermore, a wide
range of measured observables, especially those involving top quarks, are needed to constrain
other, non-l3, loop-level contributions. Being sensitive to different types of effects aside from
l3 brings an interesting complementarity between HH and single-Higgs determinations, where
a non-SM signal observed in one process and not confirmed by the other would be evidence of
additional BSM corrections.
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68% probability sensitivity - All scenarios combined with HL-LHC
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Fig. 3.7: 68% probability sensitivity to
modifications of the Higgs trilinear cou-
pling in the dimension-six U(2)5-symmetric
SMEFT framework. The uncertainty band
in the figure reflects the result obtained from
single-Higgs measurements under the aggres-
sive/conservative scenarios for the theory un-
certainties considered in this study.

Figure 3.7 shows the projected preci-
sion on l3 for the different collider options.
As clearly seen in the figure, e+e�colliders
running at only an energy around 230 GeV,
e.g. LEP3, LC at 250 GeV, FCC-ee 240 GeV,
yield no significant improvement in l3 com-
pared to the HL-LHC. The combination of the
HL-LHC and the FCC-ee, which includes a
second energy point below the HH threshold,
would yield a precision ⇠17-20%. When run-
ning at an energy above the HH threshold, the
precision on l3 improves. At linear colliders
with energies of 550 GeV and 3 TeV a preci-
sion of 7-11% could be obtainable [52]. (The
precision reported in the figure takes into ac-
count both the HH determination and the one
from single-Higgs measurements.) However,
high-energy machines like a hadron collider
or a muon collider are needed to reach the few
percent-level precision. Both machines could
obtain a precision on the self-coupling 3-4%
for the SM value.

The value of l3, which is assumed in
this fit to be the SM value, affects the cross-
sections of the different HH processes (see
Sect. 4.4. of Ref. [ID141]). At the HL-
LHC, due to the negative interference be-
tween the l3 and box diagrams, the absolute
precision deteriorates for 1.5 < l3/l SM

3 <
4.5 (although the relative precision still im-

proves) [ID170]. At the LC above 550 GeV, for l3 > l SM
3 the pattern of interference in ZHH
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Higgs self-coupling precision

Operators tested outside Higgs physics

Potentially new BSM-effects in h physics 
could have been already tested in the vacuum

SM Scalar is the excitation around the EWSB vacuum: 

! = v+h

H
†
DµHf̄�

µ
f

=
1

2v
⇥

Modifications in h→Zff  related to Z→ff      

vacuum

e.g.
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Higgs self-coupling via H production @ e+e-  
⇒ <1% precision in single-H + 2 √s                                                             

 δλ3 ~ 17-20 % 

Higgs self-coupling via HH production @ e+e-  

⇒ Run energy above ~500 GeV (⇒ LC)
 δλ3 ~ 10 % 

Higgs self-coupling via HH production 
@ FCC-hh and Muon Colliders (10 TeV)  

 δλ3 ≲ 5 % 
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Some results:
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Physics Opportunities at the Tera-Z: EWPO
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Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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LEP/SLC ⟹ Giga Z / Tera Z
107 Z ⟹ 109 Z / 1012 Z

Table 3.1: Current and projected uncertainties on a selection of EWPOs at the FCC-ee, the
LCF and LEP3. The current uncertainties are taken from Ref. [13, 15]. When a single num-
ber is quoted, it refers to the total uncertainty, otherwise the statistical error is quoted and the
experimental systematic error is given in the parentheses. D (d ) stands for absolute (relative)
uncertainty.

Observable Current FCC-ee LCF LEP3
DmZ (keV) 2000 4 (100) 200 7.5 (100)
DGZ (keV) 2300 4 (12) 125 7.5 (23)

dRµ (⇥10�6) Rµ ⌘ Ghad
Gµ

1600 2.4 (2.3) 90 (90) 4.5 (2.3)

dRb (⇥10�6) Rb ⌘ Gb
Ghad

3300 1.2 (1.6) 70 (60) 2.2 (3.0)
Dsin2 qW (⇥106) 130 0.4 (0.5) 2.7 (2.3) 0.75 (0.95)

Da(mZ)�1 (⇥103) 14 0.8, 3.8 – 1.4, 7.3
DmW (keV) 9900 180 (160) 500 (1600) 430 (700)
DGW (keV) 42000 270 (200) 2000 650 (500)

fraction to s-quarks over that for all hadrons. The projected uncertainties on a selection of these
ratios are shown in Table 3.1. Minimizing these uncertainties places strong requirements on the
design of the detectors.

The value of the electroweak parameter sin2 qW is determined at e+e�colliders via mea-
surements of different types of asymmetries. For linear colliders with longitudinal beam po-
larization, the asymmetry between the electron left- and right-handed couplings to the Z bo-
son can be measured directly via the quantity ALR [ID140]. For circular colliders, sin2 qW
can be determined via the combination of several forward-backward asymmetries (A f ,0

FB) and
from the forward-backward asymmetry of the t-polarisation (Apol(t)

FB ) [ID217]. Lower-energy
e+e�colliders, ep colliders and neutrino scattering facilities can also probe sin2 qW . For exam-
ple, ep colliders such as EIC and LHeC would provide information about the running of sin2 qW
at scales of a few tens of GeV and enable the separate, high-precision determination of the elec-
troweak couplings of the up and down quarks. In addition, in the low-momentum range of
10�3 �10�1 GeV, low-energy experiments like P2 [16], MOLLER [17] and CONUS+ [ID191]
can provide a precision on sin2 qW of 0.13%, 0.12% and 5%, respectively.

The current precision of the fine-structure constant a(mZ) [15] will not be sufficient for
future electroweak precision tests and therefore improved determinations of it are vital. At the
FCC-ee and LEP3, a(mZ) can be determined via off-peak measurements at the Z-pole of the
forward-backward asymmetry [18]. More recently, a novel approach based on the comparison
of the differential distributions of electrons, muons and positrons produced on the Z-peak has
been proposed [19]. This study has the potential to greatly reduce the statistical uncertainties
on the measurement of a(mZ), though more work is needed to correctly assess the associated
systematic uncertainties. At linear colliders, the luminosity is not sufficient to perform such
a measurement via this methodology and therefore rely on predictions from Lattice QCD (see
Sect. 3.4). There are several experiments devoted to probing QED in the strong-field limit,
including the AWAKE plasma wakefield accelerator at CERN [20], the European XFEL in
Germany [21], or the FACET facility at SLAC [22]. The proposed new experiments will probe
QED in the critical field regime, which is of relevance for instance for astrophysical phenomena
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Electroweak Precision Observables (EWPO) 
strongest test of consistency of the SM we have today

Tests of the quantum structure of the SM e+

e−

γ/Z

t
−

b
−

W
t

b

e+

e−

γ/Z

W

b
−

t

W

b

Figure 1.10: Vertex corrections to the process e+e− → bb.
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The quantities ∆ρse and ∆κse are universal corrections arising from the propagator self-
energies, while ∆ρf and ∆κf are flavour-specific vertex corrections. For simplicity we ignore
the small imaginary components of these corrections in most of the following discussion. The
leading order terms in ∆ρse and ∆κse for mH $ mW are [27]:
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For mH & mW, the Higgs terms are modified, for example:
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(1.21)

where only internal Higgs loops are considered. Note the change of sign in the slope of the
Higgs correction for low mH seen in Equation 1.21 compared to Equation 1.19, which is due to
contributions from the derivative of the Z self-energy with respect to momentum transfer [28].
Existence of the process e+e− → Z∗H (Higgsstrahlung) would tend to reduce the mH dependence
in Equation 1.21 [29]. The radiative corrections have a quadratic dependence on the top quark
mass and a weaker logarithmic dependence on the Higgs boson mass. The flavour dependence
is very small for all fermions, except for the b-quark, where the effects of the diagrams shown in
Figure 1.10 are significant, due to the large mass splitting between the bottom and top quarks
and the size of the diagonal CKM matrix element |Vtb| ' 1 , resulting in a significant additional
contribution for bb production [28] (The effects of the off-diagonal CKM matrix elements are
here negligible.):

∆κb =
GFm2

t

4
√

2π2
+ · · · , (1.22)

∆ρb = −2∆κb + · · · . (1.23)

By interpreting the Z-pole measurements in terms of these corrections, the top quark mass
can be determined indirectly, and compared to the direct measurements. The Z-pole measure-
ments, even when taken alone, have sufficient power to separate the Higgs and top corrections
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Figure 1.9: Higher-order corrections to the gauge boson propagators due to boson and fermion
loops.

These tree-level quantities are modified by radiative corrections to the propagators and vertices
such as those shown in Figures 1.9 and 1.10. When these corrections are renormalized in the
“on-shell” scheme [26], which we adopt here, the form of Equation 1.5 is maintained, and taken
to define the on-shell electroweak mixing angle, θW, to all orders, in terms of the vector boson
pole masses:

ρ0 =
m2

W

m2
Z cos2 θW

. (1.10)

In the following, ρ0 = 1 is assumed.
The bulk of the electroweak corrections [25] to the couplings at the Z-pole is absorbed into

complex form factors, Rf for the overall scale and Kf for the on-shell electroweak mixing angle,
resulting in complex effective couplings:

GVf =
√

Rf (T f
3 − 2QfKf sin2 θW) (1.11)

GAf =
√

Rf T f
3 . (1.12)

In terms of the real parts of the complex form factors,

ρf ≡ #(Rf) = 1 + ∆ρse + ∆ρf (1.13)

κf ≡ #(Kf) = 1 + ∆κse + ∆κf , (1.14)

the effective electroweak mixing angle and the real effective couplings are defined as:

sin2 θf
eff ≡ κf sin2 θW (1.15)

gVf ≡ √
ρf (T f

3 − 2Qf sin2 θf
eff) (1.16)

gAf ≡
√
ρf T f

3 , (1.17)
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Figure 1.9: Higher-order corrections to the gauge boson propagators due to boson and fermion
loops.
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Capabilities for “closure tests” of SM
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Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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Fig. 3.3: Top: Comparison of the indirect and direct mass determination of the W and top
quark for different collider options. (For the EW fit results, the dashed lines indicate the results
assuming the conservative scenario for the theory uncertainties discussed in the next section.)
Bottom: Comparison of the S and T oblique parameters.

Ideally, theory uncertainties should be reduced to a level where they are sub-dominant
to statistical or experimental systematic uncertainties. However, achieving this goal requires
significant theory development.

In this section, theory uncertainties estimates from Refs. [31, 32] are reviewed, updated
and extended to account for recent developments. The focus is on e+e�colliders, but some dis-
cussion of hadron and muon collider physics is also given. The aim is to estimate what improve-
ments are needed to reach a certain precision, and not to forecast what theory improvements are
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Figure 1.10: Vertex corrections to the process e+e− → bb.
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The quantities ∆ρse and ∆κse are universal corrections arising from the propagator self-
energies, while ∆ρf and ∆κf are flavour-specific vertex corrections. For simplicity we ignore
the small imaginary components of these corrections in most of the following discussion. The
leading order terms in ∆ρse and ∆κse for mH $ mW are [27]:
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For mH & mW, the Higgs terms are modified, for example:
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where only internal Higgs loops are considered. Note the change of sign in the slope of the
Higgs correction for low mH seen in Equation 1.21 compared to Equation 1.19, which is due to
contributions from the derivative of the Z self-energy with respect to momentum transfer [28].
Existence of the process e+e− → Z∗H (Higgsstrahlung) would tend to reduce the mH dependence
in Equation 1.21 [29]. The radiative corrections have a quadratic dependence on the top quark
mass and a weaker logarithmic dependence on the Higgs boson mass. The flavour dependence
is very small for all fermions, except for the b-quark, where the effects of the diagrams shown in
Figure 1.10 are significant, due to the large mass splitting between the bottom and top quarks
and the size of the diagonal CKM matrix element |Vtb| ' 1 , resulting in a significant additional
contribution for bb production [28] (The effects of the off-diagonal CKM matrix elements are
here negligible.):

∆κb =
GFm2

t

4
√

2π2
+ · · · , (1.22)

∆ρb = −2∆κb + · · · . (1.23)

By interpreting the Z-pole measurements in terms of these corrections, the top quark mass
can be determined indirectly, and compared to the direct measurements. The Z-pole measure-
ments, even when taken alone, have sufficient power to separate the Higgs and top corrections
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Figure 1.9: Higher-order corrections to the gauge boson propagators due to boson and fermion
loops.

These tree-level quantities are modified by radiative corrections to the propagators and vertices
such as those shown in Figures 1.9 and 1.10. When these corrections are renormalized in the
“on-shell” scheme [26], which we adopt here, the form of Equation 1.5 is maintained, and taken
to define the on-shell electroweak mixing angle, θW, to all orders, in terms of the vector boson
pole masses:
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In the following, ρ0 = 1 is assumed.
The bulk of the electroweak corrections [25] to the couplings at the Z-pole is absorbed into

complex form factors, Rf for the overall scale and Kf for the on-shell electroweak mixing angle,
resulting in complex effective couplings:
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In terms of the real parts of the complex form factors,
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the effective electroweak mixing angle and the real effective couplings are defined as:
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boson exchange diagrams is negligible.

10

10 2

10 3

10 4

10 5

0 20 40 60 80 100 120 140 160 180 200 220
Centre-of-mass energy (GeV)

C
ro

ss
-s

ec
tio

n 
(p

b)

CESR
DORIS

PEP
PETRA

TRISTANKEKB
PEP-II

SLC
LEP I LEP II

Z

W+W-

e+e−→hadrons

Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.

15

LEP/SLC ⟹ Giga Z / Tera Z
107 Z ⟹ 109 Z / 1012 Z

Jorge de Blas - U. of Granada 
Physics Opportunities at Future e+e- Colliders 

November 6, 2025 42

Physics Opportunities at the Tera-Z: EWPO

European Strategy
for Particle Physics

Fig. 4.1: Schematic representation of the status and projections relative to the strong coupling
determination benchmark. Current precision of the world-average as(m

2
Z) value (leftmost entry)

compared to the expected uncertainties at different future facilities from various observables,
and expected statistical uncertainty from lattice-QCD in 20 years from now (rightmost entry).

tiple observables can be used for precise as(m
2
Z) extractions [ID209], including low-energy

collisions at
p

s ⇡ 20–80 GeV [58]. Also, per mille precision on as(m
2
Z) can be reached by

exploiting hadronic Z- and W -boson decays, thanks to the very large integrated luminosities
at the Z pole and W+W� threshold and the very small systematic and parametric uncertainties
expected [59]. Beyond the Z pole, event shapes and jet-rates at high-energy e+e� machines
can provide a complementary and theoretically-accurate test of the as running. The FCC-hh
stands out for its ability to measure the running of as at scales of up to ⇠40 TeV from jet events
[ID209, ID227]. This represents an order-of-magnitude larger energy scale than probed today.
QCD effects on the W boson mass. At hadron colliders, the W boson mass is extracted using
the leptonic decays W ! `n via fits of the transverse momentum p`

T (and transverse mass m`n
T ,

at low pileup) distributions. The present uncertainty on mW at the LHC is about ±10 MeV [13],
of which about half is due to QCD-related effects: knowledge of PDFs and of the low-pT boson
distribution (dominated by intrinsic parton kT and soft gluon dynamics). Such uncertainty is
expected to decrease to ±5 MeV at the end of the HL-LHC phase [ID170], with QCD-related
uncertainties amounting to ±3 MeV (accounting for PDF uncertainties alone, and assuming that
the low-pT W boson distribution is described with much higher precision). At the LHeC, with
improved determinations of PDFs and as(m

2
Z), an overall DmW ⇡ 3 MeV precision could be

achieved [ID214]. The hadron collider mW uncertainties, including the QCD-related ones, are
shown in the lower part of Fig. 4.2 (left). At future e+e�facilities, the W boson mass and
width (GW ) can be measured through different methods. First, a threshold scan over

p
s = 157–

163 GeV produces WW pairs (nearly) at rest, and a fit of the sWW (
p

s) theory predictions to
the measured lineshape provides a precise extraction of mW and GW [60]. In addition to ac-
curate theory predictions, this method requires an excellent control of the

p
s value (in the

hundreds of keV range, reachable via resonant depolarization at FCC-ee). The leptonic final
state, e+e� ! W+W� ! `+n `�n , provides the most precise measurement thanks to lower
backgrounds and absence of hadronic uncertainties. The forecast experimental uncertainty
amounts to ±0.3 MeV at FCC-ee, while the present theory prediction precision for sWW (

p
s)

is 3–5 MeV [61, 62]. Improving the theory prediction by more than an order of magnitude is a
major challenge [ID209] that requires calculations with N2LO EW accuracy, mixed EW-QCD
corrections [63] and significantly improved MC modeling of QED initial-state radiation.

Second, the kinematic reconstruction of the invariant mass distribution of W ! j j dijet
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Results depend strongly on the assumptions made about the improvement of theory calculations
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Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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Fig. 3.3: Top: Comparison of the indirect and direct mass determination of the W and top
quark for different collider options. (For the EW fit results, the dashed lines indicate the results
assuming the conservative scenario for the theory uncertainties discussed in the next section.)
Bottom: Comparison of the S and T oblique parameters.

Ideally, theory uncertainties should be reduced to a level where they are sub-dominant
to statistical or experimental systematic uncertainties. However, achieving this goal requires
significant theory development.

In this section, theory uncertainties estimates from Refs. [31, 32] are reviewed, updated
and extended to account for recent developments. The focus is on e+e�colliders, but some dis-
cussion of hadron and muon collider physics is also given. The aim is to estimate what improve-
ments are needed to reach a certain precision, and not to forecast what theory improvements are
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Current calculations and even our conservative estimates of future precision seem to be not enough 
 Future parametric uncertainties also still limit the final precision

Impact of theory precision on experimental bounds from EWPO

Fig. 3.4: The oblique parameters S and T shown with various theory comparisons for the LCF
(left panel) and FCC-ee (right panel).

Table 3.5: Current and projected theory uncertainties (in percent) for the SM predictions of
partial W -boson decay widths, ratios, and production cross-sections. A dash indicates that there
is no projection for this uncertainty and it will be considered negligible.

Quantity Current Conservative Aggressive

Glep
W (%) 0.1 0.013 —

Ghad
W (%) 0.1 0.015 —

Ghad
W /Glep

W (%) 0.015 < 0.01 —
s [e+e� ! W+W�] (%) 0.4 0.07 —

future theory scenario are currently not available, but further progress will require fundamen-
tal advances in computational techniques. The strong and electromagnetic couplings at the mZ
scale are mostly affected by non-perturbative QCD uncertainties, which could be reduced with
advances in lattice calculations (see also Sect. 4.1.2). The electromagnetic coupling could also
be directly determined at a circular e+e�collider [18,19], though more studies are needed for the
evaluation of theory uncertainties. More discussions of these issues can be found in Ref. [33].

Table 3.6: Impact of theory uncertainties on the determination of various SM parameters. A
dash indicates that there is no projection for this uncertainty and it will be considered negligible.

Quantity Current Conservative Aggressive
mt (MeV) 35 30 —
mW (MeV) 3 0.6 —
as(mZ) (10�3) 1 0.3 0.1
a(mZ)/a(0) (10�4) < 1 < 0.5 0.1 - 0.3

3.4.2 Hadron colliders
Future projections for HL-LHC assume a reduction of theory uncertainties by a factor two for
most precision measurements [30,39]. This goal, while relatively modest, will require improve-
ments on many fronts, including perturbative calculations, MC simulations, non-perturbative
modelling and PDFs. There are unique theory challenges for the determination of the W mass
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• Tera-Z precision enables sensitive to scales up to O(100 TeV) if new particles modify EWPO         
at tree level

‣ Even if only loop corrections, O(10 TeV) sensitivity 

Physics Opportunities at the Tera-Z: Reach for simplified models

DRAFT

6 Global Interpretations

Figure 69: Projected bounds (95% CL) on the masses of new scalar (top left), vector (top right) and fermion
(bottom) fields. The vertical dashed lines separate fields which contribute to EWPOs at tree level,
via one-loop RG evolution, and via one-loop matching. The green and blue bars correspond to
different assumptions for the coupling to SM fermions, while red bars are used when the state
does not have couplings to fermions. For the fermions the red bar for Q(⇤)

1 corresponds to the
exceptional case where Q1 couples only to right-handed top quarks. Fields indicated with a (⇤)

correspond to cases where the tree-level contribution has been set to zero by forbidding a specific
coupling. Hatched bars correspond to pure tree-level limits, without RG running.

with superior precision. A precise measurement in production and decay also offers loop-level sensitivity to4683

the Higgs-top and the Higgs boson self-coupling.4684

On the other hand, the HL-LHC as well as e+e� colliders with
p

s � 500 GeV will (resp. would) offer tree-4685

level access to of the Higgs boson self-couplings.However, the evaluation of the gain in understanding offered4686

by type of measurements at different energies can only be performed in the context of a model. In recent4687

comparisons, an emphasis has been placed on EFT approaches, which has clear advantages in terms of4688

flexibility. This is typically performed in the SMEFT framework and, as discussed in Section 3.4 suffers from4689

difficult choices in their parametrization when it comes to higher-order effects. On the other hand, the SMEFT4690

framework does also not cover the possibility where there is no complete decoupling of new states given the4691

centre-of-mass energy of all considered collider options. Therefore we propose to augment the set of models4692

used for these comparisons with UV-complete models of extended Higgs sectors.4693

In this section we highlight the sensitivity of a measurement of the Higgs self-coupling lhhh via Higgs pair4694

production, in comparison to measurements from single-Higgs processes, using very constrained models of4695

extended Higgs sectors such as a singlet extension of the SM (SSM) and a CP-conserving two-Higgs-doublet4696

model (2HDM).4697
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(ēR�µeR) (ūR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
uR) Oeu (ēR�µeR)
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
eR) Oee

(ūR�µuR) (ūR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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µ
eR) Oee
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(ēR�µeR) (ūR�
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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µ
uR) Oeu (ēR�µeR)
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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(ūR�µuR) (ūR�
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(ūR�µuR) (ūR�
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(ūR�µuR) (ūR�
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ūR�µuR) (ūR�
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�

µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ēR�µeR) (ēR�
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ēR�µeR) (ūR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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(ēR�µeR) (ēR�
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(ēR�µeR) (ūR�
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µ
TAuR) O

(8)
qu

(q̄L�µqL)
�
d̄R�

µ
dR

�
O

(1)
qd (q̄L�µTAqL)

�
d̄R�

µ
TAdR

�
O

(8)
qd

�
l̄LeR

� �
d̄RqL

�
Oledq

(q̄LuR) i�2 (q̄LdR)
T

O
(1)
quqd (q̄LTAuR) i�2 (q̄LTAdR)

T
O

(8)
quqd

�
l̄LeR

�
i�2 (q̄LuR)

T
O

(1)
lequ

�
l̄L�µ⌫eR

�
i�2 (q̄L�

µ⌫
uR)

T
O

(3)
lequ

Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.

3

Operator Notation Operator Notation

�
l̄L�µlL

� �
l̄L�

µ
lL

�
Oll

(q̄L�µqL) (q̄L�
µ
qL) O

(1)
qq (q̄L�µ�aqL) (q̄L�

µ
�aqL) O

(3)
qq

�
l̄L�µlL

�
(q̄L�

µ
qL) O

(1)
lq

�
l̄L�µ�alL

�
(q̄L�

µ
�aqL) O

(3)
lq
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ēR�µeR) (ēR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
dR) O�ud

Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
Flavor indices are omitted.

4

Operator Notation Operator Notation

"abcW
a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW "abcW̃

a ⌫
µ W

b ⇢
⌫ W

c µ
⇢ OW̃

fABCG
A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG fABCG̃

A ⌫
µ G

B ⇢
⌫ G

C µ
⇢ OG̃

�
�

†
�
�3

O�

�
�

†
�
�
⇤
�
�

†
�
�

O�⇤
�
�

†
Dµ�

�
((D

µ
�)

†
�) O�D

�
�

†
�
� �

l̄L�eR

�
Oe��

�
†
�
�
(q̄L�dR) Od�

�
�

†
�
� ⇣

q̄L�̃uR

⌘
Ou�

�
†
�Bµ⌫B

µ⌫
O�B �

†
�B̃µ⌫B

µ⌫
O�B̃

�
†
�W

a
µ⌫W

aµ⌫
O�W �

†
�W̃

a
µ⌫W

aµ⌫
O�W̃

�
†
�a�W

a
µ⌫B

µ⌫
O�WB �

†
�a�W̃

a
µ⌫B

µ⌫
O�W̃B

�
†
�G

A
µ⌫G

Aµ⌫
O�G �

†
�G̃

A
µ⌫G

Aµ⌫
O�G̃

�
l̄L�

µ⌫
eR

�
�Bµ⌫ OeB

�
l̄L�

µ⌫
eR

�
�

a
�W

a
µ⌫ OeW

(q̄L�
µ⌫
uR) �̃Bµ⌫ OuB (q̄L�

µ⌫
uR)�

a
�̃W

a
µ⌫ OuW

(q̄L�
µ⌫
dR)�Bµ⌫ OdB (q̄L�

µ⌫
dR)�

a
�W

a
µ⌫ OdW

(q̄L�
µ⌫
TAuR) �̃G

A
µ⌫ OuG (q̄L�

µ⌫
TAdR)�G

A
µ⌫ OdG

(�
†
i

$
Dµ�)

�
l̄L�

µ
lL

�
O

(1)
�l (�

†
i

$
D

a
µ�)

�
l̄L�

µ
�alL

�
O

(3)
�l

(�
†
i

$
Dµ�) (ēR�

µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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2499 Operators

Most of the  
SMEFT is Flavor

BSM can “change” the SM in many different ways…

Even when BSM has some flavour “protection” (e.g. U(2)5) 
Flavour measurements provide strong (and complementary) constraints on BSM

⇒ Flavour physics opportunities at future e+e-?
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• Tera Z: 1012 Z bosons ⇒ Plenty of bottom, charm  and τ fermions for clean flavour physics

Flavour physics at the Z-pole
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Fig. 5.6: Left: number of b-hadron species produced within the detector acceptance for various
facilities (note the logarithmic scale). Right: approximate periods for future predictions and
their definitions.

for this challenging measurement, thanks to the large production cross-section of neutral kaons
and the capability to implement kaon tagging. A tagged analysis using the full 300 fb�1 dataset
expected from LHCb Upgrade II would allow a precision investigation of these interference
effects, with projected sensitivity on |Im(VtsV

⇤
td)| reaching below 50%, offering a unique test of

CPV in the kaon sector [214].
Kaon observables provide powerful tests of the SM, offering exceptional sensitivity to the

flavour structure of NP through precision measurements of rare decays and CKM parameters.
These measurements are a vital component of the global flavour physics programme.

5.4 Large-scale facilities
The number of different types of b-hadron species produced at the various facilities described
in Sect. 5.2.1 is shown in Fig. 5.6 (left). While e+e�colliders record the full set of events, only
a subset passes the trigger requirements at the LHC. In the following, future projections will be
provided for several approximate periods defined in Fig. 5.6 (right).

It is important to note that, in order to fully explore the spectrum of flavour physics at the
Z pole, the detectors must satisfy a set of stringent performance requirements [ID141, ID196].
Precise reconstruction of all decay vertices—especially those of the primary interaction point,
the b-hadron, c-hadron and t lepton—is essential. Achieving this requires not only the use of
high-resolution silicon vertex detectors but also the use of ultra-light detector materials to min-
imise multiple scattering and bremsstrahlung emission. Excellent tracking and high hermeticity
are essential for reducing background levels and ensuring the best achievable reconstruction of
decay modes involving missing energy. Effective charged-hadron identification (p/K/p sep-
aration), along with reliable electron and muon separation, over the full momentum range is
critical. Additionally, the electromagnetic calorimeter must have not only excellent energy res-
olution but also good transverse and longitudinal segmentation.

Some extrapolations exhibit greater uncertainty than others due to their stronger depen-
dence on detector design parameters, which are not yet well defined. However, it should be
noted that historically the field has often outperformed its own projections as new analysis and
data-processing techniques are developed, allowing the projected sensitivities to be achieved or
even exceeded.
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Additional opportunities from W decays (108 W pairs) ⇒CKMFig. 5.14: Left: current and expected uncertainty on B(B0 ! µ+µ�), for different experi-
ments [ID223, ID196]. Right: expected relative uncertainty on B(B0 ! K⇤0nn̄).

and the FCC-ee Z pole running.
Radiative FCNC processes offer further complementary SM tests. Due to the V�A nature

of the weak interactions, the photon emitted in b ! sg decays is predominantly left-handed in
b decays (and right-handed in b decays). The polarisation of the photon can be probed in sev-
eral complementary ways, with different observables [ID223]. Precise information is coming
from LHCb analyses of the angular distributions of B0 ! K⇤0e+e� decays at very low q2, and
mixing-induced CPV in B0

s ! fg and Belle II analysis of B0 ! KSp0g decays. The current mea-
surements are in agreement with the SM predictions with a precision of the order of 5%. In the
2030s, experimental precision is expected to reach the percent level, which corresponds to the
level of accuracy currently achieved by theoretical predictions [258–260]. Since the measure-
ments in the 2030s will be limited by statistical uncertainties, the full Belle II and LHCb datasets
are expected to yield further improvements in precision, provided that theoretical uncertainties
are correspondingly reduced. Similarly, the clean environment of future e+e�colliders at the Z
pole will be beneficial to the precise understanding of radiative FCNC decays.

5.5 Impact of future programmes
As discussed in the previous sections, future projects could lead to major improvements, often
exceeding one order of magnitude, in many of the observables probing the different processes
in Table 5.1, as well as on the electron and neutron EDMs. Analysing the potential impact of
these measurements requires making hypotheses about the UV completion of the SM. Two main
scenarios are discussed below: high-scale NP with generic O(1) flavour-violating couplings and
SM extensions with approximate flavour symmetries and TeV-scale dynamics.

5.5.1 General bounds on high-scale NP
The expected bounds on the effective NP scale from selected observables are shown in Fig. 5.15.
For each observable the bound on the coefficient Ci of the dimension-six operator most con-

80

Opportunities for probing NP in FCNC b→sνν

Order of  
magnitude  

improvement

Flavour in detail in 
talk by  

Lorenzo Calibbi

50



• Tera Z: 1012 Z bosons ⇒ Plenty of bottom, charm  and τ fermions for clean flavour physics

Fig. 5.7: Expected upper limits at 90% on B(t ! µg) and B(t ! µµµ).

5.4.1 t-lepton physics

The physics of the t lepton is a key ingredient in NP searches. It covers a broad range of topics,
from forbidden processes to precision measurements. In this section we focus on cLFV searches
via the t ! µg and t ! 3µ channels and on LFU tests in leptonic decays.

Searches for t LFV decays are possible at many facilities since, thanks to the absence
of a neutrino in the final state, a clear signal can be expected in the invariant mass of the re-
constructed decay products. While the t ! µg decay necessitates good spatial and energy
resolution of the calorimeter, which is a limiting factor for the LHC experiments, the t ! 3µ
channel can be sought effectively at the LHC as well. In addition, the latter mode is almost
background-free, which is not the case for the former that is polluted by t ! µnn̄g events. The
expected limits at 90% confidence level can be seen in Fig. 5.7. Here the projections are taken
from the submissions [ID196, ID223, ID231], except for the LEP3 and LCF facilities that are
scaled from the FCC-ee projections according to L (

p
(L )) for the t ! 3µ (t ! µg) decay.

LFU tests can be performed by comparing the measured branching fractions of the lep-
tonic t decays and their SM predictions, which are functions of the t lifetime [215]. The preci-
sion of the SM prediction being limited by the knowledge of the t-lepton mass, the main ingre-
dients to perform LFU tests are thus the t lifetime, its mass, B(t ! enent) and B(t ! µnµnt).
The precisions on those quantities are already, or will soon be, limited by systematic uncertain-
ties such as beam energy scale, alignment and material budget. Consequently, the extrapolations
are less straightforward. The projections at future facilities can be seen in Fig. 5.8, for Belle II
with 10 ab�1 [216] and FCC-ee [ID196], compared with the current status from HFLAV [215].
In particular, Belle II will be able to improve the lifetime and mass measurements, while the
precision on the absolute branching fractions will mainly come from e+e�colliders running
at the Z pole. It should be noted that STCF will also be able to improve the t-lepton-mass
determination thanks to the energy-scan method. Another complementary test of LFU can be
performed measuring ratios of branching fractions, such as Rµ =

B(t!µnµ nt )

B(t!enent )
, that constrains

the ratio of the e and µ effective couplings in leptonic charged currents. With 10 ab�1, the
Belle II experiment is expected to improve the current measurement by a factor two [216].

The Belle II and STCF experiments will provide the best limits on t LFV decays until the
Tera-Z experiments enter the game. Those will be able to improve further the constraints by up
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Electroweak vs. Flavour

Fig. 5.16: Bounds on coefficients of selected dimension-six SMEFT operators from flavour,
EW, and high-energy observables (Drell-Yan and heavy-quark production). The operator no-
tation follows the Warsaw basis [264] with implicit flavour structure consisting only of 3rd

generation fields (with up or down alignment in the quark case). The bounds are obtained con-
sidering one operator at a time and analysing separately the three different sets of observables.
Projections for all the bounds at the end of HL-LHC and Belle-II are shown. For flavour and
EW observables only, two different future scenarios (LCF and FCC-ee) are considered.

Fig. 5.17: Combined fit of RD(⇤) and other flavour, EW, and collider observables sensitive to the

semileptonic operators O(1)
`q and O(3)

`q , with third-generation fields and flavour-mixing parameter
e (see text). The gray areas denote the preferred region for the model parameters from the
current global fit. Future projections for flavour and EW observables at the end of HL-LHC and
Belle-II (2040), and after FCC-ee, assuming central values for the observables from the current
best fit point and projected uncertainties, are also shown. The individual constraints from the
most relevant observables at FCC-ee are indicated with coloured bands.
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Fig. 8.14: Current constraints and projected sensitivities at 95% CL on the vector U1 lepto-
quark coupling predominantly to third-generation quarks. Left: Leptonic couplings only to the
third generation. The green shaded region indicates the 2s preferred region to explain current
R(D(⇤)) measurements. Right: Leptonic couplings only to the second generation.

but FCC-ee [ID233, ID242] could measure these decays to ⇠20% precision (see Chapter 5),
greatly enhancing sensitivity to third-generation couplings. In the right plot, the non-zero cou-
plings are bµb = 1, bµs = 0.1. Current LHC exclusions [430–432] are shown in grey. Here,
current Bs ! µµ limits already impose strong constraints, and future improvements are limited.
However, direct searches at HL-LHC, Muon Collider, and FCC-hh remain sensitive to higher
masses, and µµ ! j j at the Muon Collider offers additional indirect reach. Additionally, Muon
Collider searches for flavour changing contact interactions can provide complementary sensi-
tivity to the bsµµ interaction. At linear colliders and FCC-ee, leptoquarks coupling to electrons
can be tested indirectly through e+e� ! qq̄ processes (see e.g. [433]).

To summarise the experimental messages of this section, new gauge bosons with cou-
plings to fermions can be well tested indirectly through their fermionic contact interactions.
Significant tree level effects occur in f f̄ ! f 0 f̄ 0 processes if the boson couples directly to elec-
trons (for e+e�) machines, quarks (for hadron machines) or muons (for a muon collider). In
these cases, sensitivity depends mostly on the energy of the collider. If the boson couples to
a Higgs current, then it will modify Z boson properties and can be sensitively probed by a
precision Tera-Z programme. Bosons with flavour non-universal couplings to quarks will in
general mediate flavour changing neutral currents, which can also be studied at a Tera-Z pro-
gramme, which will in particular cover new ground for bosons which couple predominantly to
third generation leptons.

8.5 Portals
A motivated class of scenarios connecting the SM to a broader framework involves portals:
renormalisable or higher-dimensional interactions linking SM fields to new sectors, often tied
to DM, neutrino masses, or other cosmological puzzles. These sectors may be neutral under
SM forces, making portals the only experimental window into their dynamics. Despite their
simplicity, portals yield rich phenomenology, from modified Higgs and electroweak properties
to missing-energy or LLP signatures. Here we focus on four representative cases, dark photons,
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• A simple example* to identity the origin of a potential new physics signal

Electroweak and Flavour interplay

❑ Two Wilson coefficients,        

❑ One flavour-mixing parameter,    = O(1):         = bL +  |Vts| sL 

An explicit example of flavour –  EW interplay (assuming NP signal)

2026 ESPPU – Open Symposium (Venice, June 2025)                     G. Isidori - Status and open questions in Flavour Physics 38

Looking at bounds from individual observables  misses the main point of indirect NP searches, 
which is the interplay of a large number of observables in “decoding” the underlying theory

A simple, consistent, description 
of the system involves (at least)  
3 parameters:

❑ Two Wilson coefficients,        

❑ One flavour-mixing parameter,    = O(1):         = bL +  |Vts| sL 

An explicit example of flavour –  EW interplay (assuming NP signal)

2026 ESPPU – Open Symposium (Venice, June 2025)                     G. Isidori - Status and open questions in Flavour Physics 38

Looking at bounds from individual observables  misses the main point of indirect NP searches, 
which is the interplay of a large number of observables in “decoding” the underlying theory

A simple, consistent, description 
of the system involves (at least)  
3 parameters:

• Explanation requires only 3 parameters:              
2 Wilson Coefficients + one flavour mixing 

❑ Two Wilson coefficients,        

❑ One flavour-mixing parameter,    = O(1):         = bL +  |Vts| sL 

An explicit example of flavour –  EW interplay (assuming NP signal)

2026 ESPPU – Open Symposium (Venice, June 2025)                     G. Isidori - Status and open questions in Flavour Physics 38

Looking at bounds from individual observables  misses the main point of indirect NP searches, 
which is the interplay of a large number of observables in “decoding” the underlying theory

A simple, consistent, description 
of the system involves (at least)  
3 parameters:

❑ Two Wilson coefficients,        

❑ One flavour-mixing parameter,    = O(1):         = bL +  |Vts| sL 

An explicit example of flavour –  EW interplay (assuming NP signal)

2026 ESPPU – Open Symposium (Venice, June 2025)                     G. Isidori - Status and open questions in Flavour Physics 38

Looking at bounds from individual observables  misses the main point of indirect NP searches, 
which is the interplay of a large number of observables in “decoding” the underlying theory

A simple, consistent, description 
of the system involves (at least)  
3 parameters:

*Example from G. Isidori’s plenary talk at Venice 
Open Symposium
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• A simple example* to identity the origin of a potential new physics signal

Wi’

Z’

Ui

1 TeV

2 TeV

g/M

2026 ESPPU – Open Symposium (Venice, June 2025)                     G. Isidori - Status and open questions in Flavour Physics 40

An explicit example of flavour –  EW interplay (assuming NP signal)

ESPP2026 
Preliminary 

ESPP2026 
Preliminary 

Electroweak and Flavour interplay
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• Adding the information from future B-flavour measurements from LHCb & Belle-II

2026 ESPPU – Open Symposium (Venice, June 2025)                     G. Isidori - Status and open questions in Flavour Physics 41

An explicit example of flavour –  EW interplay (assuming NP signal)

ESPP2026 
Preliminary 

ESPP2026 
Preliminary 

?

Electroweak and Flavour interplay
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• Adding improvements from Tera-Z on B-measurements + τ observables + Tera-Z EWPO:

2026 ESPPU – Open Symposium (Venice, June 2025)                     G. Isidori - Status and open questions in Flavour Physics 42

An explicit example of flavour –  EW interplay (assuming NP signal)

ESPP2026 
Preliminary 

ESPP2026 
Preliminary 

Electroweak and Flavour interplay

Jorge de Blas - U. of Granada 
Physics Opportunities at Future e+e- Colliders 

November 6, 2025 56



• Adding improvements from Tera-Z on B-measurements + τ observables + Tera-Z EWPO:

2026 ESPPU – Open Symposium (Venice, June 2025)                     G. Isidori - Status and open questions in Flavour Physics 42

An explicit example of flavour –  EW interplay (assuming NP signal)

ESPP2026 
Preliminary 

ESPP2026 
Preliminary 

Interplay between different measurements is crucial to characterize the origin of 
any possible indirect signal of new physics at current or any future experiments

Indirect tests via EW & Flavour measurements explore of BSM in complementary ways

Electroweak and Flavour interplay
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Some results:
Kappa frameworkAdditional opportunities
Direct searches of “light” particles



• The focus of e+e- colliders may be on indirect tests of NP, via precision measurements, but they can also 
bring improvements on direct searches of light particles

‣ Example: “Heavy” Neutral Leptons (Predicted in models explaining neutrino masses via see-saw)

Direct searches (one example)
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Fig. 8.19: Exclusion limits for HNLs mixing with muon (Top) and electron (Bottom) neutrinos.

collider experiments like ATLAS, CMS, LHCb [ID81], as well as at the LHeC [ID214] in
the case of electron-coupling dominance, probe masses above the b-quark threshold, though
their ultimate sensitivities are significantly below the FCC-ee reach. FCC-hh [ID227, ID247]
capabilities remain to be fully explored, including proposals for dedicated detectors, such as
the mid-h@FCC-hh [468]. HNLs above 100 GeV become accessible at high-energy colliders
such as LCF [ID140], FCC-hh, or a muon collider [ID207]. Moreover, experiments like SHiP
[ID145] and FCC-ee [ID242] offer observation sensitivity to over an order of magnitude im-
provement in coupling reach beyond HL-LHC exclusion power, and unique opportunities to
study HNL properties if hints emerge during HL-LHC operation.

Finally, electroweak precision observables provide indirect constraints on |U`|
2 at the level

of 10�4 �10�2, depending on the ` flavour and HNL mass, up to masses far beyond the reach of
any current or future collider [469, 470]. These constraints are expected to improve by another
two orders of magnitude in |U`|

2 in the FCC-ee era [471–473].
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Figure 1: Diagrams for production and decay of a heavy neutral lepton in the decay of a
Z boson.

the mixing parameter UµN with the active neutrino. Prompt and long-lived signatures are
both possible, depending on the value of those parameters.

Two decay channels are considered:

• a fully leptonic final state µ
+
µ
�
⌫, which yields a very clean final state signature, and

is produced both through the mediation of a charged and a neutral vector boson. The
branching fraction is approximately 5% over the parameter range of interest.

• The semileptonic decay into µjj
0, where j, j

0 are jets from qq̄
0 pairs coming from the

charged vector boson coupling with HNL and the muon. This channel is the most
copiously produced, with a total branching fraction of approximately 50% over the
full HNL mass range of interest. Moreover, this channel, with a single neutrino in the
final state, allows the complete reconstruction both of the mass of the HNL and of
the energy of the recoiling neutrino from the Z decay, providing a very strong handle
for the reduction of non-resonant background sources.

The present study complements and completes the results shown in the Snowmass re-
ports [3, 4], which focused on long-lived signatures, and for which the results including
consideration of experimental effects were limited to leptonic decays of the HNL. The ex-
perimental sensitivity of a future circular e

+
e
� collider to the prompt HNL decay in µjj

0

has been studied in a master thesis [5] and in two papers focused on the CEPC collider in
China [6, 7]. We improve on the previous work by performing a full Monte Carlo study
based on a parametrised simulation of the expected performance for the IDEA detector
proposal [8]. Background studies rely on the centrally produced large background statistics
for the FCC Physics-Experiment-Detector (PED) studies [9]. Both prompt and long-lived
(LLP, long-lived particles) signatures are studied in an integrated environment, which offers
the possibility of statistically combining the different channels studied.

The paper is organised as follows. We first describe the generation of signal and back-
ground followed by a description of detector simulation and event reconstruction, with
special focus on the reconstruction of vertices in the inner detector and of hadronic jets. In
the following two sections, the fully leptonic and semi-leptonic analyses are described sep-
arately, arriving at the definition of optimal signal regions. Based on these selections, the
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HL-LHC: Δmt~200 MeV vs. e+e- : Δmt~4-20 MeV (stat.) 
(Theory (current) Δmt~35 MeV) (Pole mass limited by ΛQCD) 

Δmt ≲50 MeV needed for future EWPO 
Figure 1. Left: total parametric uncertainty in the SM prediction of mW as a function of the
input uncertainty in mt, for two di↵erent assumptions on ↵EM (solid and dashed curves). The solid
diagonal line represents the contribution from mt alone. The horizontal line represents the expected
experimental precision in mW at FCC-ee, while the vertical line indicates the expected precision
in mt after HL-LHC. Uncertainties in ↵S(m2

Z
) (10�4), ↵EM (3 · 10�5 baseline, 10�5 improved [21]),

mZ (1 keV), and mH (3MeV) according to recent projections for FCC-ee are assumed. Right:
Comparison of indirect determination of mt and mW from the fit to EWPO (elliptical contours)
and the projected precision from direct measurements (bands). We show in grey the projections for
the HL-LHC, while in blue we show the FCC-ee ones. These results include the projected future
intrinsic theory uncertainties in EWPO. The FCC-ee results in a scenario where theory calculations
are improved so that these uncertainties become subdominant is shown in the (small) yellow ellipse.
See Appendix A for details.

30MeV becomes necessary to match the experimental precision in mW. The impact of the

intrinsic theoretical uncertainties of the electroweak precision fit is not considered in this

result, but their e↵ect is shown in Figure 1 (right).

In this paper, we revisit the potential of a tt threshold scan by performing a full

analysis including FCC-ee simulated events and a phenomenological study using N3LO

theory predictions. For this purpose, we consider a tt threshold scan at FCC-ee with a

total integrated luminosity of 410 fb�1 [22]. In Section 2 we present a full demonstration of

a cross section measurement using simulated events, including background simulation and

experimental systematic uncertainties. These results are then used in Section 3 to derive

projections for the uncertainties on the top quark mass (mt) and width (�t), including

estimates for experimental, machine-related, parametric, and theoretical uncertainties, by

performing a phenomenological analysis of the tt threshold scan. We then investigate the

dependence of the results on the assumptions on the systematic uncertainties (Section 4)

and we explore the possibility of a determination of the top Yukawa coupling above the tt

production threshold in Section 5. The baseline scenario for this dedicated run assumes

an integrated luminosity of 2.65 ab�1 at
p
s = 365GeV. Finally, in Section 7 we compare

– 3 –

The W mass (and the Top mass)

26

HL-LHC: 3-5 MeV 
FCC-ee: 0.2 MeV  

Linear collider: 1.5 MeV 
LEP3: 1 MeV 

LHeC+HL-LHC: 2-3 MeV

• W mass analysis methodology varies 
depending on the data sample

Defranchis, de Blas, Mehta, Selvaggi, Vos 
https://arxiv.org/pdf/2503.18713

FCC-ee                     
precision

Beyond the HL-LHC reach!

Parametric uncertainty on W massTop mass at e+e- tt threshold scan

Figure 4. Left: dependence of the WbWb production cross section on mt, �t, yt, and ↵S. The
plot shows the ratio of the cross section calculated after varying each parameter to the one obtained
using the reference values. The solid lines represent positive variations, while the dashed ones show
the corresponding negative variations. Right: Fitted lineshape (solid line) as a function of the
centre-of-mass energy, normalised to the reference cross section (horizontal dashed line). The fitted
lineshape is derived by applying the parameters obtained in the 10-point fit to the full lineshape
calculated with QQbar Threshold, taking correlations into account. The fit is performed to pseudo-
data (markers) generated according to the pseudo-data cross section (curved dashed line) obtained
with di↵erent parameters with respect to the reference cross section. The uncertainty in the pseudo-
data (vertical bars) represents the experimental uncertainty in the WbWb cross section. The solid
band corresponds to the post-fit uncertainty in the fitted cross section, all profiled uncertainties
included.

tistical uncertainties and can therefore be considered statistically independent. For each274

scan point i, the statistical uncertainty in the measured cross section (�i) is estimated as275 p
�i/Li, where Li is the assumed integrated luminosity for that scan point. In order to276

approximately match the total uncertainties of Table 2, we inflate this uncertainty by a277

factor of 1.2 for all centre-of-mass energies. This is necessary in order to take into account278

the e↵ect of the background contamination. The values of mt and �t are treated as free-279

floating parameters in the fit, while the other parameters are constrained using Gaussian280

priors representing external constraints. Further details on the statistical model can be281

found in Appendix B.282

In the fit, the value of ↵S(m2

Z
) is constrained within an uncertainty of 10�4 according283

to FCC-ee projections [40], while the value of yt is constrained within 3% according to the284

expected precision at HL-LHC [25] combined with the absolute measurement of other Higgs285

couplings at FCC-ee. At the energy of the tt production threshold, significantly larger286

energy deposits in the luminosity calorimeters are expected compared to lower energy287

runs, , and the luminosity calibration via small-angle Bahaba scattering remains to be288

demonstrated in this regime. We therefore assume that we can measure the integrated289
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Figure 4. The NLO QCD k-factors for the linear effective-field-theory dependences of the total and
forward-backward cross sections compared to the standard-model one, as functions of the centre-of-
mass energy. They are defined as ratios of the NLO prediction over the leading-order one. A mostly
left-handed P (e+, e−) = (+30%,−80%) beam polarization is assumed. The bands’ thickness covers
QCD renormalization scale variation between mt/2 and 2mt.
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Figure 5. Sensitivity of the total (left) and forward-backward (right) e+e− → t t̄ cross sections
to various operator coefficients, as a function of the centre-of-mass energy, for a mostly left-handed
(left) and right-handed (right) electron beam polarization. The dashed black line indicates the
slope of a sensitivity scaling as the centre-of-mass energy squared.

amplitudes of identical top-quark helicities however requires a flip of chirality along the

quark line, and thus a top-quark mass insertion.3 The resulting linear effective-field-theory

contributions therefore scale with energy exactly as the standard-model cross section and

the sensitivity tends to a constant. As will be discussed below, a sensitivity to the dipole

operators that grows with energy can be recovered through the interference of different

helicity amplitudes once the angular distributions of the top-quark decay products are

considered. The sensitivity of the cross section to four-fermion operator coefficients CV
lq ,

CA
lq , C

V
eq, C

A
eq shows the naive s/Λ

2 increase with energy expected from dimensional analysis

(see dashed black line). The constraints on those operators therefore highly benefits from

increased centre-of-mass energies.

3It is formally seen that none of the individual helicity amplitude squared provided in eq. (4) of ref. [7]

leads to a Re{F∗
1V,1AF2V } term proportional to γ ≡

√
s/2mt.
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• Lepton colliders vs. hadron colliders have 
complementary sensitivity to top operators 

• i.e. 2-lepton+2-quark operators vs. 4-quark 
operators 

• A large energy lever arm (i.e. LC at 550 GeV and 
beyond) breaks degeneracies between 
operators 

• Runs with two beam polarization effectively 
doubles the number of observables and further 
breaks degeneracies 

• Breaking degeneracies via differential 
observables has not been fully explored

17

Durieux, Perello, Vos, Zhang, JHEP 10 (2018) 168 
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• tt threshold opens the possibility of measuring the LO 
contributions of Top EW couplings 

‣ Disentangling these from other effects (e.g. 4-fermion 
ops.) benefits from running at more than one energy

‣ Circular colliders: additional handles provided by larger 
precision of EW measurements 

Advantage for linear colliders

Top EW couplings

DRAFT

6 MODIFICATIONS OF RUNNING SCENARIOS IN CASE OF NEW PHYSICS

in the important top Yukawa coupling parameter motivates serious consideration of extending
the upper center-of-mass reach of the nominally 500 GeV ILC to about 550 GeV.

On the other hand it should be noted that for
p

s < 500 GeV the cross-section drops quickly.
For

p
s = 485 GeV, a reduction of 3% in

p
s, the uncertainty of the top Yukawa would be twice

as large as at
p

s = 500 GeV. Thus reaching at least
p

s = 500 GeV is essential to be able to
perform a meaningful measurement of the top Yukawa coupling.

Figure 20: Relative cross section and top Yukawa coupling precision versus centre-of-mass
energy, extrapolated based on scaling of signal and main background cross-sections.

6 Modifications of Running Scenarios in Case of New Physics

The above running scenarios have been derived based on the particles we know today. However
there are many good reasons to expect discoveries of new phenomena at the LHC or the ILC
itself. Obviously, such a discovery would lead to modifications of the proposed running scenar-
ios. Since the possibilities are manifold, we outline here the basic techniques which exploit the
tunability of centre-of-mass energy and beam helicities at the ILC in order to characterize new
particles. In practice, the inital run at

p
s = 500 GeV would serve as a scouting run. Careful

analysis of these data will then give some first information, which would guide the optimisation
of the running program for the following years.

Threshold Scans

As in the case of the top quark or the W boson, threshold scans are also important tools for
a precise determination of the masses of new particles. This has been studied in the literature

28

Top physics at threshold and beyond

• Top Yukawa  

• At lepton colliders, ttH production opens at energies 
above 480 GeV 

• At hadron machines, ratios like ttH and ttZ cancel theory 
uncertainties, assumes ttZ coupling known to 1% from 
FCCee (top run) 

• LHeC: can provide a series of top precision measurements, 
i.e. Wtb coupling 

Challenges 

• Electron/positron collider: stats limited. Implies small selection and 
reconstruction biases, small background uncertainties, etc. Selection 
efficiency close to 10% 

• More fundamental advancements in theory techniques and tools needed

1506.07830

18
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Top Yukawa coupling

• Tree-level determination via ttH requires 
energies above 480 GeV

‣ Circular colliders: sensitivity via loop effects 
(in precision Higgs and at threshold)

Only possible at linear colliders (or muon colliders)
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68% probability sensitivity - All scenarios combined with HL-LHC
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Fig. 3.8: 68% probability limits on `+`�tt̄ four-fermion operators (top panel) and on operators
modifying the EW and Higgs top-quark interactions (bottom panel). The empty boxes and "T"
bars indicate the results from a combination of some of the colliders with the 10 TeV muon
collider and FCC-hh, respectively. The inverted triangles indicate the single operator limits for
each collider.

Precision from Energy

For every dimension-six operator in SMEFT, there exists at least one process where its relative
contribution to the SM prediction increases quadratically with energy. When such processes are
experimentally accessible, higher collision energies lead to greater sensitivity to potential new
physics, which is responsible for the corresponding contact interactions.

Here, high-energy two-to-two fermion scattering and diboson production processes are
used to probe the sensitivity to four-fermion and two-fermion/two-boson operators. Although
the specific interactions mediating these processes differ between lepton and hadron colliders,
for the sake of this last comparison, it is assumed that the new physics generates universal
contributions testable at all colliders, and the interpretation is performed in terms of the EFT
Lagrangian in Eq. (A.4) in Appendix A. (This is also relevant for the BSM interpretation pre-
sented in Chapter 8.) In Fig. 3.9 the bounds on the Wilson coefficients c2B, c2W , c2G, cW , and
cB are shown. c2B, c2W and c2G are testable via two-to-two fermion scattering while cW , and cB
describe effects in diboson production that grow with the energy, similar to what was observed
for some of the Of f operators in electroweak precision measurements section. Combining with
either the FCC-hh or the 10 TeV muon collider significantly improves the sensitivity. In many
cases, the muon collider provides the greatest reach. On the other hand, the FCC-hh has the
highest sensitivity to new physics coupled to the QCD current, as shown for the c2G limit.
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Summary

EWPT?

Top EW coup. 

Order of magnitude improvement (in some cases more) with respect to HL-LHC in many areas

Access to properties beyond the reach of the HL-LHC  
(e.g. charm or strange Yukawa couplings, absolute Higgs couplings, …)

Conclusions? We’ll draw them when we build one…

Interplay between direct and indirect searches: even if no deviation is seen in indirect tests of BSM, 
results are crucial to guide future direct searches!

Summary: Plenty of reasons to build an e+e- collider


