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What to expect from this talk
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• will refer to FCC-ee at times as a case study to showcase general challenges

• selection of topics might reflect personal bias + SM precision background

• will not cover Physics cases of different incarnations of future colliders

• main message: assuming an extreme precision era ahead of us 

I. discuss theory challenges/requirements, and highlight opportunities

II. hopefully spark excitement and drive to start tackling such challenges 

• will not compare different neither colliders performances nor deliverables



From (HL-)LHC to future colliders
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[adapted from J. de Blas, OS Venice 2025]
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κV<1 imposed for HLLHC/LHeC

Higgs total cross section and width

304 The European Physical Journal Special Topics

Fig. 1.9. The Higgs boson production cross section as a function of the centre-of-mass
energy in unpolarised e+e� collisions. The blue and green curves stand for the Hig-
gsstrahlung and WW fusion processes, respectively, and the red curve displays the total
production cross section. The vertical dashed lines indicate the centre-of-mass energies of
choice at the FCC-ee for the measurement of the Higgs boson properties.
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Fig. 1.10. Left: a schematic view, transverse to the detector axis, of an e+e� ! HZ event
with Z!µ

+
µ
� and with the Higgs boson decaying hadronically. The two muons from the

Z decay are indicated. Right: distribution of the mass recoiling against the muon pair,
determined from the total energy-momentum conservation, with an integrated luminosity
of 5 ab�1 and the CLD detector design. The peak around 125GeV (in red) consists of
HZ events. The rest of the distribution (in blue and pink) originates from ZZ and WW
production.
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Fig. 1.9. The Higgs boson production cross section as a function of the centre-of-mass
energy in unpolarised e+e� collisions. The blue and green curves stand for the Hig-
gsstrahlung and WW fusion processes, respectively, and the red curve displays the total
production cross section. The vertical dashed lines indicate the centre-of-mass energies of
choice at the FCC-ee for the measurement of the Higgs boson properties.
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Fig. 1.10. Left: a schematic view, transverse to the detector axis, of an e+e� ! HZ event
with Z!µ

+
µ
� and with the Higgs boson decaying hadronically. The two muons from the

Z decay are indicated. Right: distribution of the mass recoiling against the muon pair,
determined from the total energy-momentum conservation, with an integrated luminosity
of 5 ab�1 and the CLD detector design. The peak around 125GeV (in red) consists of
HZ events. The rest of the distribution (in blue and pink) originates from ZZ and WW
production.
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Fig. 3: Results of a global SMEFT fit to HL-LHC (grey) and FCC-ee (yellow, up to 240 GeV, and blue, up to
365 GeV) data, interpreted in terms of the 68% probability sensitivity to Higgs and electroweak effective couplings.
Adapted from Ref. [61].

the different possibilities in a relatively model-independent way. It assumes that new physics arises at a
scale ⇤, significantly above the electroweak scale, with the Higgs boson embedded in a SU(2)L doublet.
The current status of the global SMEFT fit is shown in Fig. 3, adapted from Ref. [61]. In this figure,
the results of the fit for the different dimension-six operators affecting at leading order either the elec-
troweak processes (including anomalous triple gauge couplings, aTGCs, and boson-fermion couplings,
Vff) or the Higgs processes, or both simultaneously, are projected on a more physically meaningful set
of effective couplings capturing the effects of new physics. More details can be found in Ref. [61].

The interplay between Higgs and electroweak measurements is illustrated in Fig. 4, which shows
the expected precision in the effective coupling determination. The correlations are displayed as internal
lines of variable thickness and are visibly reduced when including Z-pole data at FCC-ee (dark blue) on
top of the current electroweak measurements (light blue). The importance of Z-pole measurements is
summarised below, followed by a discussion of the importance of the diboson process for Higgs physics.

The SMEFT results discussed in this section were obtained from fits with only linear effects in
⇤
�2, consistently with the dimension-6 expansion. To estimate the theory uncertainty associated with

the neglected higher-order terms in the EFT expansion, Fig. 5 shows the ratio of the bounds on the
Wilson coefficients obtained in the linear case to those including quadratic contributions from dimension-
6 operators, which are formally of the same order as dimension-8 contributions. These results derive
from the HL-LHC+FCC-ee SMEFT fit of Ref. [69]. All the displayed operator coefficients can be
accessed at FCC-ee, with the exception of the operators in the top-left quadrant, which enter in top-quark
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scale ⇤, significantly above the electroweak scale, with the Higgs boson embedded in a SU(2)L doublet.
The current status of the global SMEFT fit is shown in Fig. 3, adapted from Ref. [61]. In this figure,
the results of the fit for the different dimension-six operators affecting at leading order either the elec-
troweak processes (including anomalous triple gauge couplings, aTGCs, and boson-fermion couplings,
Vff) or the Higgs processes, or both simultaneously, are projected on a more physically meaningful set
of effective couplings capturing the effects of new physics. More details can be found in Ref. [61].

The interplay between Higgs and electroweak measurements is illustrated in Fig. 4, which shows
the expected precision in the effective coupling determination. The correlations are displayed as internal
lines of variable thickness and are visibly reduced when including Z-pole data at FCC-ee (dark blue) on
top of the current electroweak measurements (light blue). The importance of Z-pole measurements is
summarised below, followed by a discussion of the importance of the diboson process for Higgs physics.

The SMEFT results discussed in this section were obtained from fits with only linear effects in
⇤
�2, consistently with the dimension-6 expansion. To estimate the theory uncertainty associated with

the neglected higher-order terms in the EFT expansion, Fig. 5 shows the ratio of the bounds on the
Wilson coefficients obtained in the linear case to those including quadratic contributions from dimension-
6 operators, which are formally of the same order as dimension-8 contributions. These results derive
from the HL-LHC+FCC-ee SMEFT fit of Ref. [69]. All the displayed operator coefficients can be
accessed at FCC-ee, with the exception of the operators in the top-left quadrant, which enter in top-quark
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the different possibilities in a relatively model-independent way. It assumes that new physics arises at a
scale ⇤, significantly above the electroweak scale, with the Higgs boson embedded in a SU(2)L doublet.
The current status of the global SMEFT fit is shown in Fig. 3, adapted from Ref. [61]. In this figure,
the results of the fit for the different dimension-six operators affecting at leading order either the elec-
troweak processes (including anomalous triple gauge couplings, aTGCs, and boson-fermion couplings,
Vff) or the Higgs processes, or both simultaneously, are projected on a more physically meaningful set
of effective couplings capturing the effects of new physics. More details can be found in Ref. [61].

The interplay between Higgs and electroweak measurements is illustrated in Fig. 4, which shows
the expected precision in the effective coupling determination. The correlations are displayed as internal
lines of variable thickness and are visibly reduced when including Z-pole data at FCC-ee (dark blue) on
top of the current electroweak measurements (light blue). The importance of Z-pole measurements is
summarised below, followed by a discussion of the importance of the diboson process for Higgs physics.

The SMEFT results discussed in this section were obtained from fits with only linear effects in
⇤
�2, consistently with the dimension-6 expansion. To estimate the theory uncertainty associated with

the neglected higher-order terms in the EFT expansion, Fig. 5 shows the ratio of the bounds on the
Wilson coefficients obtained in the linear case to those including quadratic contributions from dimension-
6 operators, which are formally of the same order as dimension-8 contributions. These results derive
from the HL-LHC+FCC-ee SMEFT fit of Ref. [69]. All the displayed operator coefficients can be
accessed at FCC-ee, with the exception of the operators in the top-left quadrant, which enter in top-quark
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the different possibilities in a relatively model-independent way. It assumes that new physics arises at a
scale ⇤, significantly above the electroweak scale, with the Higgs boson embedded in a SU(2)L doublet.
The current status of the global SMEFT fit is shown in Fig. 3, adapted from Ref. [61]. In this figure,
the results of the fit for the different dimension-six operators affecting at leading order either the elec-
troweak processes (including anomalous triple gauge couplings, aTGCs, and boson-fermion couplings,
Vff) or the Higgs processes, or both simultaneously, are projected on a more physically meaningful set
of effective couplings capturing the effects of new physics. More details can be found in Ref. [61].

The interplay between Higgs and electroweak measurements is illustrated in Fig. 4, which shows
the expected precision in the effective coupling determination. The correlations are displayed as internal
lines of variable thickness and are visibly reduced when including Z-pole data at FCC-ee (dark blue) on
top of the current electroweak measurements (light blue). The importance of Z-pole measurements is
summarised below, followed by a discussion of the importance of the diboson process for Higgs physics.

The SMEFT results discussed in this section were obtained from fits with only linear effects in
⇤
�2, consistently with the dimension-6 expansion. To estimate the theory uncertainty associated with

the neglected higher-order terms in the EFT expansion, Fig. 5 shows the ratio of the bounds on the
Wilson coefficients obtained in the linear case to those including quadratic contributions from dimension-
6 operators, which are formally of the same order as dimension-8 contributions. These results derive
from the HL-LHC+FCC-ee SMEFT fit of Ref. [69]. All the displayed operator coefficients can be
accessed at FCC-ee, with the exception of the operators in the top-left quadrant, which enter in top-quark
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the different possibilities in a relatively model-independent way. It assumes that new physics arises at a
scale ⇤, significantly above the electroweak scale, with the Higgs boson embedded in a SU(2)L doublet.
The current status of the global SMEFT fit is shown in Fig. 3, adapted from Ref. [61]. In this figure,
the results of the fit for the different dimension-six operators affecting at leading order either the elec-
troweak processes (including anomalous triple gauge couplings, aTGCs, and boson-fermion couplings,
Vff) or the Higgs processes, or both simultaneously, are projected on a more physically meaningful set
of effective couplings capturing the effects of new physics. More details can be found in Ref. [61].

The interplay between Higgs and electroweak measurements is illustrated in Fig. 4, which shows
the expected precision in the effective coupling determination. The correlations are displayed as internal
lines of variable thickness and are visibly reduced when including Z-pole data at FCC-ee (dark blue) on
top of the current electroweak measurements (light blue). The importance of Z-pole measurements is
summarised below, followed by a discussion of the importance of the diboson process for Higgs physics.

The SMEFT results discussed in this section were obtained from fits with only linear effects in
⇤
�2, consistently with the dimension-6 expansion. To estimate the theory uncertainty associated with

the neglected higher-order terms in the EFT expansion, Fig. 5 shows the ratio of the bounds on the
Wilson coefficients obtained in the linear case to those including quadratic contributions from dimension-
6 operators, which are formally of the same order as dimension-8 contributions. These results derive
from the HL-LHC+FCC-ee SMEFT fit of Ref. [69]. All the displayed operator coefficients can be
accessed at FCC-ee, with the exception of the operators in the top-left quadrant, which enter in top-quark
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the different possibilities in a relatively model-independent way. It assumes that new physics arises at a
scale ⇤, significantly above the electroweak scale, with the Higgs boson embedded in a SU(2)L doublet.
The current status of the global SMEFT fit is shown in Fig. 3, adapted from Ref. [61]. In this figure,
the results of the fit for the different dimension-six operators affecting at leading order either the elec-
troweak processes (including anomalous triple gauge couplings, aTGCs, and boson-fermion couplings,
Vff) or the Higgs processes, or both simultaneously, are projected on a more physically meaningful set
of effective couplings capturing the effects of new physics. More details can be found in Ref. [61].

The interplay between Higgs and electroweak measurements is illustrated in Fig. 4, which shows
the expected precision in the effective coupling determination. The correlations are displayed as internal
lines of variable thickness and are visibly reduced when including Z-pole data at FCC-ee (dark blue) on
top of the current electroweak measurements (light blue). The importance of Z-pole measurements is
summarised below, followed by a discussion of the importance of the diboson process for Higgs physics.

The SMEFT results discussed in this section were obtained from fits with only linear effects in
⇤
�2, consistently with the dimension-6 expansion. To estimate the theory uncertainty associated with

the neglected higher-order terms in the EFT expansion, Fig. 5 shows the ratio of the bounds on the
Wilson coefficients obtained in the linear case to those including quadratic contributions from dimension-
6 operators, which are formally of the same order as dimension-8 contributions. These results derive
from the HL-LHC+FCC-ee SMEFT fit of Ref. [69]. All the displayed operator coefficients can be
accessed at FCC-ee, with the exception of the operators in the top-left quadrant, which enter in top-quark
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Fig. 3: Results of a global SMEFT fit to HL-LHC (grey) and FCC-ee (yellow, up to 240 GeV, and blue, up to
365 GeV) data, interpreted in terms of the 68% probability sensitivity to Higgs and electroweak effective couplings.
Adapted from Ref. [61].
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Fig. 14: Improvement in the determination of � at FCC-ee (the darker colours are for the HL-4 IP optimised
scenario) and, subsequently, at FCC-hh.

ment of the ttZ coupling in the extraction of the top Yukawa coupling at FCC-hh (left panel) and the
consequent impact on the � determination (right panel).

Finally, a concern was expressed about the sensitivity of the � determination at HL-LHC if its
true value were about twice the SM value (� = 2), for which the destructive interference between the
box and triangle diagrams of the HH production by gluon fusion in pp collisions would significantly
decrease the cross section. While the HL-LHC relative precision would actually not degrade for � = 2,
the synergy with FCC-ee is, once more, remarkable here. Indeed, at FCC-ee the e

+
e
� ! ZH production

cross section is a linear function of the true value of �: �ZH = �0 ⇥ (1 + ↵ �), with ↵ > 0 (i.e.,
with a constructive interference). The FCC-ee relative precision on �, therefore, evolves as 1/� when
the true value of � increases. For � = 2, a stand-alone precision of 14% would therefore be achieved
at FCC-ee with an explicit EFT fit similar to that of Figs. 13 and 14, improved to less than 10% in the
high-luminosity scenario.

2.3 Discovery landscape
The discovery landscape for BSM physics at FCC-hh has been well documented in Ref. [57] and in the
FCC CDR [10]. Here, instead, the FCC-ee discovery landscape is discussed. While several results were
already presented in the CDR, continuous work has taken place since, to refine or extend the scope of
BSM searches, a notable example being the search for long-lived particles (LLPs) and heavy neutral
leptons (HNLs).

2.3.1 BSM exploration potential
The capability and versatility of FCC-ee to explore open questions about the origins and nature of the
Universe is immense. In addition to probing the known elementary particles and fundamental forces with
the highest precision, it can survey uncharted territory both directly towards ultra-weak couplings and
indirectly at very high energies, up to 100 TeV, for so-far unknown particles and interactions.

At the centre of many mysteries lies the Higgs boson. Besides enabling a much sharper picture of
the Higgs boson and testing its (non-)SM nature, the ZH run can also provide crucial model-independent
sensitivity to its invisible decay mode(s), which probe the Higgs portal to dark sectors. Ultimately,
an explanation for the origin of the Higgs mechanism itself is sought. From what underlying theory
does the Higgs sector emerge? While this outstanding question is sufficient motivation in itself, a more
fundamental description of the nature of electroweak symmetry breaking is, moreover, expected to be
associated with new theoretical principles addressing the hierarchy problem, a naturalness strategy that
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µ
uR) O

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

µ
dR

�
Oed

�
l̄L�µlL

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

µ
dR

�
O

(1)
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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(ūR�µuR) (ūR�
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µ
uR) Oeu (ēR�µeR)
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µ
eR) Oqe

�
l̄L�µlL

�
(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
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
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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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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(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,
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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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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: 

𝛟 = 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

Need to go above  
HH threshold or  via precise  

Higgs measurements
or  via precise  

EWPO

Jorge de Blas - U. of Granada Characterization of the EW sector at Future Colliders 
June 25, 2025 33

EWPOs

https://arxiv.org/pdf/2503.19983
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The discovery landscape 

Baseline: LEP + LHC

The SMEFT: a powerful framework to scan the landscape of NP theories

[Celada et al. 2404.12809]

crucial role of Tera-Z 
programme at FCC-ee, in 

particular EWPOs

ℒSMEFT = ℒSM + ∑
d>4

c[d]
i

Λd−4
𝕆[d]

i [𝒪SM]

[Allwicher et al. 2408.03992]

10 TeV

[see talk by Jose on Wed]

https://www.arxiv.org/abs/2404.12809
https://www.arxiv.org/abs/2408.03992


Precise theory predictions
their role, scope, and challenges

(calculations ~ predictions ~ simulations)  



Theory predictions better be under control
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The Importance of Theory and Modelling
18
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= 125 GeVHPredictions for m

Precision at the LHC would not be possible without the 
efforts of precise TH and modelling. 

The interpretability of our results relies on our 
ability to compute accurate and precise predictions!

Predictions at hadron colliders are complex 
require higher order hard processes, parton 
fragmentation, hadronization, parton distribution 
functions, etc…

Half a century of progress in Higgs production predictions

Current state-of-the-art ( )pp → H + X

Stil linear sum of: 
Missing beyond N3LO and EW; finite quark masses beyond NLO; 
mismatch in perturbative order of PDFs.

Room for improvement also in PDFs and  
using LHC data and/or future ep collider. 

αs
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αs

http://dx.doi.org/10.1140/epjc/s10052-020-08817-8


Role of precise theory predictions
“data-theory” (dis)agreement paradigm

8

input for meaningful interpretation of the data 

prediction extractionvs

(Ex a) Electroweak Precision Observables (EWPOs) Delicate relation:

real observables “pseudo observables” 

critically hinges on accurate theory simulations

Theory uncertainties:

intrinsic
(eg missing higher orders) 

parametric
(eg input parameters) 

but there’s more…

(Ex b) Calibration/Interpretation of XS measurements

(possibly need to go beyond? see eg discussion in Frixione’s talk) 

https://indico.cern.ch/event/1307378/contributions/5729655/attachments/2789688/4864592/eeisr.pdf
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Inherent challenge in describing collider events

partonic hard process

O(10 TeV)

eg:potential FCC-hh scenario

hadronisation phase

O(100 MeV)

• in principle:

using a minimal set of Physics laws

• in practice: a lot harder, but extremely exciting!



Some “simple” guiding principles

10



Some “simple” guiding principles

11

Q ≫ ΛQCD E ≫ me

perturbative regime

( αs

2π )
n

( α
2π )

ℓ

QCD EW

going  enormous jump in complexity 
(typically 10/20 years) 

n → n + 1

•  only for a couple of examplesℓ = 2

•  for a handful of (simplest) reactions n = 3



Some “simple” guiding principles

12

Q ≫ ΛQCD E ≫ me

perturbative regime

( αs

2π )
n

( α
2π )

ℓ

QCD EW

going  enormous jump in complexity 
(typically 10/20 years) 

n → n + 1

•  only for a couple of examplesℓ = 2

•  for a handful of (simplest) reactions n = 3

Q ≳ mb

mass effects

lnk ( mb

Q ) ( mb

Q )
k

mass contributions: additional scales in the problem

mb ∼ 4 GeV, Q ∼ 90 GeV ⇒ mb/Q ∼ 4.5 %

also related: heavy-flavour identification



Some “simple” guiding principles
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{
higher- (fixed-) order calculations

virtual/loop 
corrections

real 
corrections

Q ≫ ΛQCD E ≫ me

perturbative regime

( αs
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n

( α
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ℓ

QCD EW

going  enormous jump in complexity 
(typically 10/20 years) 

n → n + 1

•  only for a couple of examplesℓ = 2

•  for a handful of (simplest) reactions n = 3

Q ≳ mb

mass effects

lnk ( mb

Q ) ( mb

Q )
k

mass contributions: additional scales in the problem

mb ∼ 4 GeV, Q ∼ 90 GeV ⇒ mb/Q ∼ 4.5 %

also related: heavy-flavour identification



Some “simple” guiding principles
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Q ≫ ΛQCD E ≫ me

perturbative regime

( αs

2π )
n

( α
2π )

ℓ

QCD EW

Q ≳ mb

mass effects

lnk ( mb

Q ) ( mb

Q )
k

{
higher- (fixed-) order calculations

in special kinematic configurations

αn
(s) lnk(x), x ≪ 1

logarithmically enhanced terms

resummation

 is some ratio of scales (eg )x k⊥/Q

all-orders resummation needed 

• achieving demanded accuracy highly complex

virtual/loop 
corrections

real 
corrections



Some “simple” guiding principles
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v ≪ 1
non-relativistic limit

m v < μ < m

μ < m v

eg: NRQCD

eg: pNRQCD

Typical scenario of threshold production (“particles are slow”)

 and  threshold at FCC-eeW+W− tt̄

dominant physical effects can be very different from perturbative regime

need to devise/investigate the appropriate theoretical framework



Some “simple” guiding principles

16

Q ∼ ΛQCD

non-perturbative phys.

(ΛQCD/Q)
p

hadronisation

ΛQCD ∼ 200 MeV

Q ∼ mZ ∼ 91 GeV

ΛQCD

Q
∼ 0.2 %

describing the non-perturbative regime is a daunting but great conceptual challenge

dσ ∼ dσ(P) + dσ(NP) dσ(NP) ∼ (
ΛQCD

Q )
p

• reliable hadronisation models are at the foundation of many (all?) future analysis



Some “simple” guiding principles
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Q ≫ ΛQCD EV ≫ me

perturbative regime

( αs

2π )
n

( α
2π )

ℓ

QCD EW

Q ≳ mb

mass effects

lnk ( mb

Q ) ( mb

Q )
k

v ≪ 1
non-relativistic limit

m v < μ < m

μ < m v

eg: NRQCD

eg: pNRQCD

actually a very 
complex and 

exciting mosaic

in special kinematic configurations

αn
(s) lnk(x), x ≪ 1

logarithmically enhanced terms

Q ∼ ΛQCD

non-perturbative phys.

(ΛQCD/Q)
p

hadronisation



Higgs boson characterisation



Higgs factories: , cross sectione−e+ → Z H(H)
1. single Higgs, eg FCC-ee:  events → XS measurement with expected  accuracy106 ZH 𝒪(0.2% − 0.5%)

19

Perturbative second-order EW corrections are definitely in this ball park: mandatory

Technically extremely 
challenging 

recent progress exploiting 
numerical approaches
[Chen et al. 2209.14953, Freitas et al 2209.07612]

(multi-loop multi-scale 
problem)

Open (technical) issues:

• implementation for real-events simulation

Higgs physics at FCC-ee and NNLO EW

Federico Buccioni Ringberg 10/05/2024 15

Measurement of ZH cross-section with expected precision of 0.4%
NNLO electroweak corrections of commensurate size (although calculations are monstruos)

Complete two-loop amplitudes calculation a' la AMFlow: [Chen et al 2209.14953]

NNLO EW with nf-enhanced contributions [Freitas, Song 2209.07612]

Impact at cross section level for s ~ (240 GeV)2
increase NLO-EW prediction by 0.7%

Computed for fixed ratios of invariants/masses
Stil l hard: full-fledged NNLO EW implementation for real-events simulation

Numerical approaches to 
Higher-order EW corrections to ZH

numerical reliability, efficiency, large-scal usage, etc

Dreaming big (and crazy): H in VBF : e-e+ → Hνν

Two-loop electroweak
corrections to 5-point amplitude 
with one off-shell leg

possibly beyond current technology:

Bosonic contributions could be significantly harderSH: e−e+ → Hℓ−ℓ+ (ν ν̄)

more conceptually:

• complex-mass scheme @NNLO EW

2.  (DH) double Higgs and (SH) single Higgs at higher energies: high-multiplicity processes

DH:  e−e+ → ZHH

• reduction to minimal set of integrals

• mathematical structure of amplitudes

https://arxiv.org/abs/2209.14953
https://arxiv.org/abs/2209.07612


Hadronic Higgs decays

20

• correcting for fiducial acceptance of experiments

• kinematic distributions of decay products and jet observables

N3LO QCD corrections for  with  [Mondini et al 1904.08960]H → bb̄ mb = 0

desirable for the future:

However: differential calculations absolutely crucial, theory accuracy significantly lower

Hadronic decays (~ 80% of total rate)

Inclusive calculations in good shape (even fourth order in pert. QCD in some cases)

[Knobbe et al 2306.03682]

sensitivity of event shapes to radiation 
pattern from gg, qq, heavy-q

recently: N3LO QCD corrections for all hadronic decay modes [Fox et al 2502.17333]

Jet rates in Higgs hadronic decays

Potential and power of QCD observables in 
discriminating Higgs hadronic decays

[Fox et al 2502.17333]

 with  and mass effectsH → qq̄ mq ≠ 0

overarching challenge: heavy (jet) flavour at high orders

https://arxiv.org/abs/1904.08960
https://arxiv.org/abs/2306.03682
https://arxiv.org/pdf/2502.17333
https://arxiv.org/pdf/2502.17333


Light-quark Yukawas: H → ss̄

21

[visit here ]

New ideas/explorations in : disentangling  from  (aka Dalitz decay) H → ss̄ H → ss̄ H → gg( → ss̄)

preliminary study [credits to Gavin Salam, see talk]:

invariant mass cut to suppress Dalitz decay background

[see talk by M. Spira]

Exp. tagging based 
on machine learning

importance of accurate 
resummation/parton 

shower in training

For more:

[visit here ]

https://indico.cern.ch/event/1409233/
https://indico.cern.ch/event/1409233/contributions/5925486/attachments/2861616/5006735/2024-05-Hss.pdf
https://indico.cern.ch/event/1409233/contributions/5923270/attachments/2861252/5006008/spira.pdf
https://indico.cern.ch/event/1405461/


Precision program beyond  
the Higgs boson



Challenges + opportunities

23

(+ potential resonant Higgs for electron Yukawa)

[FCC feasibility study report Vol 1, 2505.00272]

astounding challenges on theory predictions

• practically all aspects of theoretical investigations/
predictions pushed far beyond the current edge

• SM predictions of equivalent accuracy to 
exploit discovery/exclusion power

The foreseen precision is staggering!

1012 Z

108 WW
106 ZH

106 tt̄

https://arxiv.org/abs/2505.00272


Electroweak Physics at the Z-pole

24

Delicate relation EWPOs ↔ real observables
[Table 11 of 2505.00272]

quantities of interest are defined in terms of a resonant 
(on-shell) Z boson

Higher-order EW and QCD x EW corrections to  vertex requiredZ → ff̄

The complete  process receives also non-resonant contributions, eg.e−e+ → ff̄

Highly challenging 
multiloop-multiscale 

calculation

(need to be properly taken into account)

•  interference γ* − Z

• box diagrams

beyond state-of-the-art 
technology required

❌ ❌

❌

https://arxiv.org/abs/2505.00272


QCD at the Z-pole and beyond

25

1. Ultra-precise extraction of . Expected: αs(m2
Z) δαs ∼ 0.1 %

•  will enter as a parametric uncertainty practically everywhereδαs

•  extracted from inclusive EWPOs (small non-pert hadronisation corrections)αs(m2
Z) theory predictions in good shape

2. Deep characterisation of QCD → Jets (dynamics and substructure) → high-multiplicity (>2 jets)

Multi-jet cross-section in perturbative QCD extremely challenging:

will require breakthroughs 
in several directions

3. significantly advance resummation program

• 3rd/4th logarithmic order to a wider set of 2-jet obs.

• 2nd/3rd logarithmic order to general n-jet case

• devise new observables to enhance:

calculability and performance

[Duhr et al 2205.02242]

• no results available beyond N(N)LO QCD order for > 4 (3) jets
scattering amplitudes + IR dynamics (subtraction schemes)

• 2-jet production at N3LO QCD [Chen et al 2505.10618] crucial to assess impact of cuts

https://arxiv.org/abs/2205.02242
https://arxiv.org/abs/2505.10618


Mismodeling of non-perturbative/hadronisation effects potential serious limitation
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• interplay with Monte Carlo generators: tuning of hadronisation models

• analytic results typically derived in simple scenarios (then extrapolated)

Elephant in the room in precision jet physics

Thanks to accuracy at  colliders, we have a unique opportunity!e+e−

profound investigation of (arguably) the least understood regime of QCD

Ways forward and challenges (possibly a breakthrough):

• analytic approaches in their infancy (relation to full QCD not yet robust)

refined analytic methods highly desirable

• devise observables with reduced sensitivity 

• examples of first analytical studies:

I.  (linear) power corrections in shape observables [Luisoni et al 2012.00622] [Caola et al 2204.02247]

II.  soft anomalous dimension for  power corrections [Dasgupta et al 2411.16867]1/Q

Non-perturbative corrections, hadronisation

https://arxiv.org/pdf/2411.16867
https://arxiv.org/abs/2012.00622
https://arxiv.org/abs/2204.02247


Measurement of EEC with archived ALEPH data

27

“New” avenues to QCD across all regimes

[Bossi et al 2505.11828]

EEC(θL) =
n

∑
i,j=1

∫ dσ
EiEj

E2
δ(θij − θL)

Emergence of novel ideas, inspired by formal QFT/CFTs

ℰ( ̂n) = lim
r→∞ ∫

∞

0
dt r2niT0i(t, r ̂n)

energy flow operator (~ “detector operators”)

detector operator observables via light-ray OPE

lim
n1→n2

ℰ(n1)ℰ(n2) =
1
xL

⃗C ⋅ ⃗𝕆[J=3]
τ=2 (n2) +

ΛQCD

x3/2
L

⃗D ⋅ ⃗𝕆[J=2]
τ=2 (n2) + …

in the collinear limit

analytic vs Monte Carlo predictions

Scaling violation in 
power corrections to 
energy correlators
[Chen et al 2406.06668]

https://arxiv.org/abs/2505.11828
https://arxiv.org/pdf/2406.06668


Opportunities at low √s-QCD
[Discussion on FCC-ee case based on D. d’Enterria et al 2503.23855]
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data collected at different (hadronic) energies can help disentangling effects of hadronisation corrections, refine modelling

dσ ∼ dσ(P) + dσ(NP) dσ(NP) ∼ Ω(ν)(
ΛQCD

shad ) + 𝒪 (
Λ2

QCD

shad )non-perturbative component

great advantages/opportunities:

Q: interested in non-perturbative QCD? A: better look at lower energies

• clean scenario, highly reduced background

• test/investigate/explore non-perturbative dynamics

• study quark-mass effects

• extremely valuable input for hadronisation models

stress-test theoretical understanding, validate analytic approaches

https://arxiv.org/abs/2503.23855


 threshold scan at FCC-eeW+W−
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ΔMW

ΔΓW

[Azzurri 2107.04444]

[Actis et al hep-ph/0807.0102]

EFT approach for unstable particles, i.e. v2 ∼ α ∼
ΓW

MW
≪ 1

 uncertainty on XS: 
not enough for FCC-ee

𝒪(0.3%)

mandatory
[Schwinn in 1905.05078]

1. missing relevant contributions:

≈ 0.1% × σBorn• residual uncert. on resonant part

• non-resonant effects and 
kinematic corrections ≈ 0.02% × σBorn must be under control

δmW /mW ≃ 3 × 10−6

theory control on XS at 
threshold well below permille

2. in order to address both:

2-loop EW effects to WW production

extremely challenging

3. hadronic W decays:

QCD corrections and effects of colour reconnection 

δσ ≃ 0.1 % ⇒ δmW ≃ 1.5 MeV

https://arxiv.org/abs/2107.04444
https://inspirehep.net/literature/789574
https://arxiv.org/abs/1905.05078


 threshold production: state of the arttt̄
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Ultra-precise measurement of top-quark mass from threshold scan

Two main crucial features:

• production of a resonant, non-relativistic,  pairtt̄

• possibility of a rigorous definition of a short-distance mass scheme 
cancellation of potentially large renormalon ambiguity [see also talk by M. Beneke]

Accurate description via non-relativistic (QCD) EFT: v ∼ αs

ℒQCD ℒNRQCD ℒpNRQCD

μ v mtmt

line-shape sensitive to 

mt, Γt, yt, αs
Theoretical control at third order. i.e.

αn
s vm, m + n = 3 [Beneke et al. 1506.06864]

Same considerations apply to a linear collider [see Defranchis et al 2503.18713]

 (MHO)δmt ≃ 35 MeV

 ( )δmt ≃ 10/20 MeV MS ↔ PS

https://indico.cern.ch/event/1140580/contributions/4863903/attachments/2458460/4214540/cern.pdf
https://www.arxiv.org/abs/1506.06864
https://arxiv.org/pdf/2503.18713


 threshold and continuumtt̄
Even at threshold: ultimately interested in e−e+ → W+W−bb̄

31

σ(s) = σres(s) + σnon−res(s)

• fourth-order QCD corrections to resonant contribution (4-loop QCD calculation)  

• third-order effects in non-resonant contributions  

• differential predictions in non-relativistic limit: effects of cuts

• how to assess off-shell effects at higher orders and have them under control

• embedding all in Monte Carlo generators (QCD/QED resonance aware)

• need to include NLL ISR resummation

Beyond total rates/EFT

EW and Higgs effects in good shape  
Beneke et al. 1711.10429

What we need (beyond reach now):

[Chen et al. 2209.14259]

 at 𝒪(0.15%) s = 500 GeV

Total inclusive rate computed to N3LO in QCD

above the threshold:

https://arxiv.org/abs/1711.10429
https://arxiv.org/abs/2209.14259


General topic: PSMCs
Parton Shower Monte Carlo Generators



Parton-shower Monte Carlo generators (PSMCs)
a topic which deserves an entire 

workshop, not making justice in one slide!
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The accuracy of current generators insufficient to match foreseen experimental precision

MC generators are at the heart of arguably any analysis (future and present colliders)

Key topics/aspects/ways forward:

I. Formal (logarithmic) accuracy

II. Matching to higher-order calculations (log-accuracy compliant)

III. Non-perturbative QCD effects

QCD + QED showers, resonance-aware showers

IV. Electroweak corrections

VI. Theory uncertainties

Extrapolation from fiducial to inclusive (typically in much better control)

hadronisation models, colour reconnect. → relevant eg in  measur.mt, mW

[van Beekveld et al. 2406.02661]

Recent milestone result: NNLL accurate PS for e+e-

[please visit here for more]

V. Possible alternative avenues/rethinking 

eg. amplitudes/colour evolution [see eg Forshaw et al 2502.12133]

https://arxiv.org/pdf/2406.02661
https://indico.cern.ch/event/1233329/
https://arxiv.org/abs/2502.12133


Concluding remarks



More challenges (not covered so far)

• Multiple photons emission from incoming lepton beam, i.e. Initial-State Radiation (ISR): YFS vs Coll.Fact.

35

• parton distribution functions (PDFs) at hadron colliders (see talk by Juan on Tue)

certainly infinitely many more that I am neglecting…

• role and impact of Machine-Learning and their training, eg. jet taggers 

• Challenges in heavy-ion Physics and QCD in dense media 

Lepton colliders:

Hadron colliders (eg LHeC and FCC-hh):

General topics:

• precise determination of fine-structure constant α

• status, projections and challenges in lattice calculations

Higgs-related:

• non-hadronic Higgs decays and higher-order corrections

• beam polarisation and related challenges 

• progress and status of Higgs cross sections, eg H+J@N3LO-QCD, gg→H@N4LO-QCD



challenges opportunities

scattering amplitudes

IR Physics

(technical + conceptual)

resummation

EFTs

PSMCs

non-perturbative 
QCD

Higgs sector
fundamental 

interactions probed to 
the extreme

flavourhigh discovery 
potential



Thanks! (for bearing with me)

I gratefully acknowledge M. Beneke, F. Caola, P.F. Monni, T. Gehrmann and G. Zanderighi 
for many interesting discussions during the preparation of this talk



Backup slides



Higgs at HL-LHC
I. approaching few % precision target

39

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

4

II. theory most often limiting factor

XS not really up to date, 
but ok to get a sense



Priorities from the ESPP

40

[Fabiola Gianotti, Open Symposium ESPP Venice 2025]

As I will try to argue: the array of searches and studies extends far beyond just the Higgs sector



The FCC-ee timeline

41

Baseline operation mode: four main interaction points (IPs)

+ potentially (eg):

• dedicated runs at lower energies for QCD studies (below Z pole)

• runs at Higgs pole (electron Yukawa measurement)

interconnected crucial 
input/studies from all IPs



FCC-ee timeline as a guideline
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Let us discuss in more concrete terms: using FCC-ee timeline to showcase common challenges faced by theory predictions

e− e+

Physics at the Z pole

• precision observables and perturbative corrections (QCD and EW)

• jets and QCD studies

• hadronisation and non-perturbative effects



FCC-ee timeline as a guideline
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 threshold scanW−W+

e− e+

• perturbative corrections (EW)

• theoretical framework: future challenges and limitations

Let us discuss in more concrete terms: using FCC-ee timeline to showcase common challenges faced by theory predictions



FCC-ee timeline as a guideline
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Let us discuss in more concrete terms: using FCC-ee timeline to showcase common challenges faced by theory predictions

Higgs factory

e− e+

• perturbative corrections in XS (EW)

• Higgs hadronic decays → pert. and non-pert. QCD



FCC-ee timeline as a guideline
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Let us discuss in more concrete terms: using FCC-ee timeline to showcase common challenges faced by theory predictions

 threshold scantt̄

e− e+

• pert. and non-pert. QCD, EW effects

• theoretical framework: future challenges and limitations



Flavour opportunities, FCC-ee case study
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[A. Greljo at FCC-week ‘25]

Belle II LHCB FCC-ee[Kamenik et al. 

at FCC-ee, 15 times more  pairs than at Belle II bb̄

Intimate connection between flavour and Higgs physics

[Marzocca et al, 2405.08880]

[credit to L. Buonocore for pic]

Exploit  events to significantly 
improve determination 

108 W+W−

|Vcb | , |Vcs |

critical dependence on jet taggers efficiency/uncertainties

• Tera Z

• WW

heavy-flavour identification

https://indico.cern.ch/event/1408515/contributions/6506650/attachments/3069909/5431409/Greljo-FCC-week.pdf
https://indico.cern.ch/event/1439855/contributions/6461584/attachments/3045959/5381919/FCC_PED_ESPPU_Flavour_310325_submit.pdf
https://arxiv.org/pdf/2405.08880


Initial-State Radiation (QED effects)
Multiple photons emission from incoming beam: Initial-state-radiation (ISR)

47

logarithmic enhancement from

soft and collinear emissionsI. Yennie-Frautschi-Suura (YFS):

• well-established framework, implemented already in several Monte Carlo gen.

• soft photon effects resummed to infinite orders (collinear not!)

[Bertone et al. 2207.03265]

y ≡ (σNLO + NLL ISR)/(σNLO + LL ISR)O(1%) level 
effects from NLL

II. Collinear factorisation:

• resummation of collinear emissions ~ electron Parton Distr. Funct. (ePDF)

• impact of higher-log sizeable and observable dependent

• great recent progress to go to Next-to Leading logarithmic accuracy (NLL)
[Frixione 1909.03886, 2105.06688; Bertone et al 1911.12040, 2207.03265]

must be resummed

III. Future challenges:

• extend coll. factorisation to NNLL (needed for FCC-ee)

• Q: combined soft + collinear resummation?

https://arxiv.org/abs/2207.03265


Determination of  at FCC-eeαs
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Current world average: , value and uncertainty largely dominated by latticeαs(mZ) = 0.1180 ± 0.0009

Foreseen  extraction at FCC-ee:αs
[QCD physics at FCC, d’Enterria and Monni]

 leptons from decays (  extraction from hadronic to leptonic branching fractions)𝒪(2 × 1011) τ Z → τ+τ− αs

Precise extraction  from inclusive EWPOs, essential input to investigate hadronisation 
models via event shapes and jet rates

αs(mZ)

https://inspirehep.net/literature/2921876


: status and more challengesW+W−

Improvements due to LL collinear ISR resummation
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Readily improvable including NLL ISR (ideally beyond)

Questions/open problems/challenges:

• thorough assessment of impact of selection cuts in EFT

• do we really need full-fledged  @ NNLO EW?e−e+ → 4f
given current estimates: most likely not

impact of invariant-mass cuts in EFT framework

[Actis et al hep-ph/0807.0102]

https://inspirehep.net/literature/789574


 threshold production: statustt̄
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[Beneke et al. 1711.10429]

[Beneke et al. 1711.10429]

EW + Higgs (full) vs QCD

https://arxiv.org/abs/1711.10429
https://arxiv.org/abs/1711.10429
https://arxiv.org/abs/1711.10429
https://arxiv.org/abs/1711.10429


 threshold production: statustt̄
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scale variation uncertainty (pure QCD)

[Beneke et al. 2409.05960]

scale variation uncertainty
Potential Subtracted (PS) vs Pole

[Beneke et al. 2409.05960]

finite-width effects
[Beneke et al 2409.05960]

https://arxiv.org/abs/2409.05960
https://arxiv.org/abs/2409.05960
https://arxiv.org/abs/2409.05960


 production above threshold and continuumtt̄
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[Chen et al. 2209.14259]

Precision target:  on cross-section measurements𝒪(0.1%)
Requires N3LO QCD and NNLO EW (not available)

 at 𝒪(0.15%) s = 500 GeV

Total rate, ie fully inclusive XS

https://arxiv.org/abs/2209.14259


 via radiative return and in the continuummt
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 extracted from cross section in radiative events mt e−e+ → tt̄γ

dσtt̄γ

d cos θd s′￼

=
α
π2

g(x, θ)σtt̄(s′￼)measure fit templates s′￼ = s (1 −
2Eγ

s )

Estimates:  using  of data at  [Boronat et al 1912.01275]  δmt ≃ 150 MeV 4 ab−1 s = 500 GeV

https://arxiv.org/abs/1912.01275


FCC-hh, selected topic: PDFs

54

Theory requirements strongly motivated already by LHC and HL-LHC scenarios

2. CMS  measurement, PDFs 
in the top 3 uncertainties

mW

PDF at the core of any hadron-collider study. Absolutely crucial piece

1. aN3LO PDFs and implications on Higgs XS
[MSHT+NNPDF 2411.05373]

[Towards N3LO PDF, Hekhorn]
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Figure 11. The cross-sections of Tables 1-2, shown both in absolute scale (top) or as ratios to the result found
using the MSHT20xNNPDF40 nnlo baseline combination. In all cases, N3LO matrix elements are used. The results for
hW

� are qualitatively similar as those for hW+ and not shown. The inner interval is the pure PDF uncertainty (first
uncertainty in Tables 1-2) while the outer interval is the sum in quadrature of the PDF uncertainty and the MHOU
uncertainty on the hard cross section (second uncertainty in Tables 1-2).
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(some) Future avenues/challenges:

• Complete N3LO QCD PDFs

• Systematic inclusion of EW effects

• small-x studies 

• Lattice PDFs
[see 1711.07916 or talk by Constantinou QCD@LHC 2024] 

https://arxiv.org/abs/2411.05373
https://arxiv.org/abs/2505.10369
https://arxiv.org/abs/1711.07916
https://indico.cern.ch/event/1360294/contributions/5782073/attachments/2944717/5174660/QCD@LHC_2024_Constantinou.pdf

