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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

Comparing future collider capabilities
Very different design to address the search for new physics
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The Muon Collider
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The International Muon Collider Collaboration
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†
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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

Comparing future collider capabilities
Very different design to address the search for new physics

What is more important?
Precision ↔︎ Energy Precision ↔︎ Breadth

Precision ↔︎ Flexibility

The answers depends on BSM perspective  
(what are we looking for/what physics questions are we trying to answer?)
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and Why† 
†Title “stolen” from Section 8.3 of Higgs@FutureColliders WG report for ESPP2020

What do we need
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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.

⇒ Especial attention to capabilities for precision Higgs physics

†From Snowmass 2021 report on Higgs physics

From previous ESPP2020 and 2021 Snowmass processes

• The Higgs boson may be connected to many of our BSM questions
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Capabilities for precision Higgs measurements at different machines  
(different production modes)  

can be described in a compact way via the Kappa framework

using some of the model flags. Setting the flag QuadraticTerms to “True”, one can test the
quadratic e�ects of the dimension-six interactions in the Higgs productions cross sections
and decay widths.

3.6. Modified Higgs Couplings in the Ÿ-framework
In many scenarios of new physics one of the main predictions are deviations in the Higgs

boson couplings with respect to the SM ones. Such an scenario can be described in general
by considering the following e�ective Lagrangian for a light Higgs-like scalar field h [43, 44]:
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(10)

This Lagrangian assumes an approximate custodial symmetry and the absence of other
light degrees of freedom below the given cut-o� scale. In the previous Lagrangian the
longitudinal components of the W and Z gauge bosons, ‰a(x), are described by the 2 ◊ 2
matrix �(x) = exp (i‡a‰a(x)/v), with ‡a the Pauli matrices, and V (h) is the scalar potential
of the Higgs field, whose details are not relevant for the discussion here. The SM is recovered
for ŸV = Ÿu = Ÿd = Ÿ¸ = 1. Deviations from such a class of scenarios (and beyond) are
convenient encoded in the so-called Ÿ framework. In this parameterization, deviations from
the SM in the Higgs properties are described by coupling modifier, Ÿi, defined from the
di�erent Higgs production cross sections and decay widths. Schematically,

(‡ · BR)(i æ H æ f) = Ÿ
2
i
‡

SM(i æ H)Ÿ
2
f

�SM(Hæf)
�H

(11)

where the total Higgs width, allowing the possibility of non-SM invisible or exotic decays,
parameterized by BRinv and BRexo, can be written as

�H = �SM
H

q
i

Ÿ
2
i

BRSM
i

1≠BRinv≠BRunt
(12)

The model class HiggsKigen contains a general implementation of the parameterization
described in the Ÿ framework, o�ering also several flags to adjust the di�erent types of
assumptions that are used in the literature (see []). The most general set of coupling mod-
ifiers allowed in the class is described in Table 4, including also the possibility for non-SM
contributions to invisible or exotic (non-invisible) Higgs decays. 2 Note that, even though

2As in the NPSMEFTd6 class, there are several nuisance parameters in the model to control theory un-
certainties in certain Higgs processes. We refer to the documentation for a extensive list of the model
parameters.
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BSM decays

One κf for each H→f
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Kappa framework results
Characterizing precision of Higgs measurements
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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.

Precision on total xsect:  
0.3% FCC, 0.8% LC, 0.6% LEP3
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N
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-2018-0056] 

• Assumes that 

• Statistical uncertainties dominate 

• Backgrounds controlled to better 
than 1% (and large control samples 
available to constrain them) 

• All experimental and luminosity 
uncertainties are smaller than 
statistical uncertainties

8

Indirect determination of Higgs width

Only at l+l- colliders 
(Requires measurement providing absolute normalization of H couplings)
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Understanding the properties of the Higgs is important

But new physics may be hiding in many other places
And, unlike the case of the Higgs at the LHC, we have no clear hint of what to look for!



0.0

0.5

1.0

1.5

κW

κ i
[%

]

10-1

1

κZ
κ i
[%

]

0.0
0.5
1.0
1.5
2.0

κg

κ i
[%

]

0.0

0.5

1.0

1.5

κγ

κ i
[%

]

0
1
2
3
4
5
6
7

κZγ

κ i
[%

]

0
1
2
3
4

κc

κ i
[%

]

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

κt

κ i
[%

]

0.0
0.5
1.0
1.5
2.0
2.5

κb

κ i
[%

]

0.0
0.5
1.0
1.5
2.0
2.5
3.0

κμ

κ i
[%

]

0.0

0.5

1.0

1.5

κτ

κ i
[%

]

10-1

1

BRinv
95%

B
R
[%

]

0
1
2
3
4

BRexo
95%

B
R
[%

]

Kappa framework results
HL-LHC HL+LHeC

HL+LCF250/500/1000

HL+CLIC380/1500

HL+LEP3

HL+FCC

HL+MuC10TeV

HL+LCF250/500

HL+CLIC380

HL+FCC-eeZ/WW/240/365

HL+LCF250 HL+FCC-eeZ/WW/240

κV<1 imposed for HLLHC/LHeC κV<1 imposed for HLLHC/LHeC

0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

κW

κ i
[%

]

10-1

1

κZ

κ i
[%

]

0.5

1.0

1.5

2.0

κg
κ i
[%

]
0.4
0.6
0.8
1.0
1.2
1.4
1.6

κγ

κ i
[%

]

1

κZγ

κ i
[%

]

1

2

3

4

κc

κ i
[%

]

1.0
1.5
2.0
2.5
3.0
3.5

κt

κ i
[%

]

0.5
1.0
1.5
2.0
2.5

κb

κ i
[%

]
0.5
1.0
1.5
2.0
2.5
3.0

κμ

κ i
[%

]

0.4
0.6
0.8
1.0
1.2
1.4
1.6

κτ

κ i
[%

]

10-1

1

BRinv
95%

B
R
[%

]

1

2

3

4

BRexo
95%

B
R
[%

]

Charm coupling  
at LHeC  

and lepton colliders

Jorge de Blas - U. of Granada 
Characterization of the EW sector at Future Colliders 

June 25, 2025 13

Understanding the properties of the Higgs is important

But new physics may be hiding in many other places
And, unlike the case of the Higgs at the LHC, we have no clear hint of what to look for!

Any future collider should have the capability to explore as many BSM directions as possible
How to approach this type of exploration and compare the different projects?
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… But the structure of Standard Model can still offer some guidance
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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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) (ēR�
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µ
eR) Oee

(ūR�µuR) (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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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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(ēR�µeR) (ūR�
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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
eR) Oee
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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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

"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
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�

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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1.5 The Discovery at a Future
p
s = 33 TeV Experiment 13

Figure 1-32. Dilepton backgrounds and the

clear signal for a LR Z0
at 3 TeV for e+e� pairs

after 3000 fb
�1

.

Figure 1-33. Fully emerged signal for a LR Z0

at 3 TeV, background subtracted for e+e� pairs

after 3000 fb
�1

.

1.5.2 Run 2 of the Future Collider

The beginning of Run 2 started in January of 2030 as expected without any delays. Again, the data
taking went smoothly, and other parallel stories of new physics continued to unfold as theorists struggled to
simultaneously weave the numerous discoveries together into a new and over-arching tapestry explaining the
fundamental laws of the Universe. For the Z 0 story, tertiary measurements of SM couplings in specific decay
channels and even the possible observation of exotic decays, were helping other stories understand their
signal better as data was being recorded. As run two ended in 2034, pile-up had continued to be a battle,
but continually worked on and understood to bring an impressive dataset of 3000 fb�1 at

p
s = 33 TeV to

the physics groups for analysis. With this dataset the Z
0 analysis had been able to increase the number of

recorded Z
0 events by an order of magnitude, bringing unprecendented levels of precision to measurements

of width, mass, couplings, and even AFB (see complimentary white paper for in depth analysis [11]). The
physicists remembered how far they had come from the first days of the LHC at

p
s = 14 TeV, seeing a

few events out at high-mass (Figure 1-1) and wondering if it would just turn out to be a fluctuation of the
Standard Model. Now the picture was very di↵erent, physicist’s and indeed the World’s understanding of
the fundamental properties of the Universe had leaped almost unimaginably, and in the Z

0 analysis they
were now presented with a magnificent and clear signal shape (Figures 1-32 to 1-35), and AFB measurement
that put the discovery of a LRM model Z 0 beyond all doubt (Figure 1-36). This new particle was one that
they were almost getting used to, but which still excited even the newest Graduate students because of its
implications and the theory paradigm shifts that had occurred over the last 15 years because of it.

1.5.3 The
p
s = 33 TeV Experiment Aftermath

The achievement of Engineers and Physicists alike was astounding, a new machine had been built to go
up to energies of

p
s = 33 TeV, and over 3000 fb�1 of data had been collected from pp collisions over the

years. The journey was hard at times, and required continual maintenance and understanding of both the
accelerator and the Snowmass detector, due to the incredibly harsh environment both were being subjected
to, and the level of precision required for the physics analyses to thrive. Again we break the fourth wall and

Community Planning Study: Snowmass 2013

Direct 
searches

SM

Indirect 
searches
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aCAFPE and Departamento de F́ısica Teórica y del Cosmos, Universidad de Granada,
Campus de Fuentenueva, E–18071 Granada, Spain

Abstract

LaTeX materials.

1 Standard Model E↵ective Field Thoery

L = LSM + LNP + LNP�SM

L = LEFT(� LSM)

L
(d=6)
SMEFT = LSM +

P
i

Ci

⇤2Oi

Kappa-n = {Z,W ,g,�,Z�,t,b,c,s,⌧ ,µ,BRinv,BRunt}

2 Standard Model

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

LSM = �
1
4
GA

µ⌫
GA µ⌫

�
1
4
W a

µ⌫
W a µ⌫

�
1
4
Bµ⌫Bµ⌫

+li
L
i⇢⇢Dli

L
+ qi

L
i⇢⇢Dqi

L
+ ei

R
i⇢⇢Dei

R
+ ui

R
i⇢⇢Dui

R
+ di

R
i⇢⇢Ddi

R

+(Dµ�)†Dµ� � V (�) � (ye

ij
li
L
�ej

R
+ yd

ij
qi

L
�dj

R
+ yu

ij
qi

L
�̃uj

R
+ h.c.) (1)

V (�) = �µ2
�
|�|2 + �2

�
|�|4

†E-mail: deblasm@ugr.es

1

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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(ūR�µuR) (ūR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(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
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd

(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ēR�µeR) (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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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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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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(ēR�µeR) (ēR�
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(ūR�µuR) (ūR�
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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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
eR) Oee
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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(ēR�

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

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�

µ
eR) Ole (q̄L�µqL) (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
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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Abstract

LaTeX materials.

1 Standard Model E↵ective Field Thoery
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Fig. 8.2: Exclusion reach of different colliders on the two-fermion/two-boson contact inter-
actions from the operator OW and OB. The blue bars give the reach on the effective scale
L/(g2

2
pcW ) and the orange bars on L/(g2

1
pcB), where cW,B are the Wilson coefficients of the

corresponding operators and the gauge couplings come from the use of the equations of motion.
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Fig. 8.3: Exclusion reach of different colliders on the Y -Universal Z0 model parameters.

Figure 8.3 displays the 95% CL exclusion reach on gZ0 and M, at various colliders. For
hadron machines, the reach of direct searches (round curves at small gZ0) is obtained from
recasting the results in Refs. [443, 444], overlaid with the indirect sensitivity (diagonal straight
lines at large gZ0) discussed previously. It is seen that the direct mass reach is inferior to the
indirect one for high gZ0 , in agreement with the generic expectation that strongly-coupled new
physics is better probed indirectly. Moreover, the indirect reach benefits greatly from higher
collider energies. These two observations explain both the competitiveness of lepton colliders
in indirect searches and the good indirect performances of the FCC-hh and HE-LHC colliders.

New Summary (in progress)
Added muCol 3 TeV and 10 TeV (Abstract #207) and a 

rescaling of 100 TeV 30/ab FCChh to 85 TeV 30/ab (Abstracts 
#227 + #233 #241 #242 #247 #261 ) 

The rest is taken from 2019 Brie!ng Book 

Straight part of each bound from EFT bounds on  from 
EW !t (e.g. PPG19, Snowmass 22, PPG25 … )  TBU

c2B
→

Bottom line: Y-Universal Z’ representative of gauge boson coupled 
to all fermions; Higher energy projects can bring the largest jump in 
sensitivity w.r.t. HL-LHC, up to O(10) stronger bound on the coupling 

Updates foreseen: Update-able from EW !t result from EW PPG, 
exploration of any di"erence from global   single operator for this 
scenario in the updated !ts 

Questions and things still to do: what happens when not coupled 
to beams?  (partial answer in the next slides)

↔
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Bounds at hadron colliders
tree-level coupling to the beams

B � L : gZ0 ⌘ 3 · gV,qL = 3 · gV,dR = 3 · gV,uR ,

�gZ0 ⌘ gV,`L = gV,eR . (4)

Y
0 : gZ0/g1 ⌘ 6 · gV,qL = �3 · gV,dR =

3

2
· gV,uR ,

gZ0/g1 ⌘ �2gV,`L = �gV,eR . (5)

B3 � L3 : gZ0 ⌘ 3 · gV,qL,3 = 3 · gV,bR = 3 · gV,tR ,
�gZ0 ⌘ gV,`L,3 = gV,⌧R . (6)

We also consider a fully leptophobic scenario, which might also be thought to be “nightmare”
scenario for all lepton colliders, where the gauge boson couples only to third-generation quarks, corres-
ponding to the quantum number B3. The non-zero couplings in this case are:

B3 : gZ0 ⌘ 3 · gV,qL,3 = 3 · gV,bR = 3 · gV,tR . (7)

Conversely, in a quark-phobic scenario, the gauge boson couples exclusively to third-generation
leptons. The only non-zero couplings are:

L3 : gZ0 ⌘ gV,`L,3 = gV,⌧R = c`L,3 = c⌧R . (8)

[RF: Try to say c=g for vector couplings] This setup also poses challenges for lepton colliders, as there
are no direct couplings at tree level to electron or muon beams.

To offer a wider picture of the result for further Z 0 boson couplings we present a scenario still
related to the accidental symmetries of the SM. It describes the Z

0 of the sum of baryon and lepton
number in the third generation, for which the only non-zer couplings are

B3 + L3 : gZ0 ⌘ 3 · gV,qL,3 = 3 · gV,bR = 3 · gV,tR ,
gZ0 ⌘ gV,`L,3 = gV,⌧R . (9)

A full exploration of all the possible Z 0 coupling structures is beyond our point. In any case, as an
illustration of certain peculiarities that can happen in this type of exploration of new physics, we consider
also a simple example that is a universal third-generation gauge boson, denoted by U3, which couples
equally to all third-generation fermions. Its non-zero couplings are given by:

U3 : gZ0 ⌘ gV,qL,3 = gV,bR = gV,tR = gV,`L,3 = gV,⌧R . (10)

Other interesting scenarios can further be imagined. Some of them involve a gauge boson associ-
ated with generators of non-abelian symmetries, such as T 3

R. However we will see that the contributions
to loop functions entering the muon couplings with these vectors has to vanish due to the traceless nature
of the SU(2) generators involved. More generally on could extend our work to spin-1 resonances whose
couplings can distinguish between left- and right-handed Standard Model fields. These can arise for
instance in models of fermion and Higgs compositeness. Their coupling structure is more general that
the vector-like case we want to focus on here. These and other possible choices for the states coupled to
the new force will be discussed elsewhere [3].

[RF: As an illustration of a coupling that distinguishes chirality of the SM matter fields we

consider

⇢TRPC : gZ0 ⌘ ctR . (11)

]

3

gV, fgV, f

4

R. Franceschini & A. Juste - BSM - Open Symposium European Strategy for Particle Physics 2025https://agenda.infn.it/event/44943/

Bounds at hadron colliders
tree-level coupling to the beams

B � L : gZ0 ⌘ 3 · gV,qL = 3 · gV,dR = 3 · gV,uR ,

�gZ0 ⌘ gV,`L = gV,eR . (4)

Y
0 : gZ0/g1 ⌘ 6 · gV,qL = �3 · gV,dR =

3

2
· gV,uR ,

gZ0/g1 ⌘ �2gV,`L = �gV,eR . (5)

B3 � L3 : gZ0 ⌘ 3 · gV,qL,3 = 3 · gV,bR = 3 · gV,tR ,
�gZ0 ⌘ gV,`L,3 = gV,⌧R . (6)

We also consider a fully leptophobic scenario, which might also be thought to be “nightmare”
scenario for all lepton colliders, where the gauge boson couples only to third-generation quarks, corres-
ponding to the quantum number B3. The non-zero couplings in this case are:

B3 : gZ0 ⌘ 3 · gV,qL,3 = 3 · gV,bR = 3 · gV,tR . (7)

Conversely, in a quark-phobic scenario, the gauge boson couples exclusively to third-generation
leptons. The only non-zero couplings are:

L3 : gZ0 ⌘ gV,`L,3 = gV,⌧R = c`L,3 = c⌧R . (8)

[RF: Try to say c=g for vector couplings] This setup also poses challenges for lepton colliders, as there
are no direct couplings at tree level to electron or muon beams.

To offer a wider picture of the result for further Z 0 boson couplings we present a scenario still
related to the accidental symmetries of the SM. It describes the Z

0 of the sum of baryon and lepton
number in the third generation, for which the only non-zer couplings are

B3 + L3 : gZ0 ⌘ 3 · gV,qL,3 = 3 · gV,bR = 3 · gV,tR ,
gZ0 ⌘ gV,`L,3 = gV,⌧R . (9)

A full exploration of all the possible Z 0 coupling structures is beyond our point. In any case, as an
illustration of certain peculiarities that can happen in this type of exploration of new physics, we consider
also a simple example that is a universal third-generation gauge boson, denoted by U3, which couples
equally to all third-generation fermions. Its non-zero couplings are given by:

U3 : gZ0 ⌘ gV,qL,3 = gV,bR = gV,tR = gV,`L,3 = gV,⌧R . (10)

Other interesting scenarios can further be imagined. Some of them involve a gauge boson associ-
ated with generators of non-abelian symmetries, such as T 3

R. However we will see that the contributions
to loop functions entering the muon couplings with these vectors has to vanish due to the traceless nature
of the SU(2) generators involved. More generally on could extend our work to spin-1 resonances whose
couplings can distinguish between left- and right-handed Standard Model fields. These can arise for
instance in models of fermion and Higgs compositeness. Their coupling structure is more general that
the vector-like case we want to focus on here. These and other possible choices for the states coupled to
the new force will be discussed elsewhere [3].

[RF: As an illustration of a coupling that distinguishes chirality of the SM matter fields we

consider

⇢TRPC : gZ0 ⌘ ctR . (11)

]

3

gV, fgV, f

4

From R. Franceschini’s talk on BSM parallel

Effective Field Theories for BSM physics

20



June 19, 2025

LaTeX materials for 2025 talks on SMEFT fits at future
colliders

J. de Blasa†
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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.
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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(ēR�µeR) (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
eR) Oee
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(ēR�µeR) (ūR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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µ
eR) Oee
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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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
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd

(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ēR�µeR) (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
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
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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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) O

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

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

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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(ēR�µeR) (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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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
uR) Oeu (ēR�µeR)
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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
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�

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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But if we don’t know what we are looking for, we better test as many 
as these direction as possible

Without reference to any particular model,                                         
What can Electroweak Physics tell us about the SMEFT “swamp”?

In other words, be wary of informing future collider 
discussions based on SMEFT alone.  All 
operators/combinations are not created equal!

Thanks to Gian Giudice for the “Swamp” term…

Effective Field Theory

UV

IR

??

SMEFT
“Swamp” “Plausible”

Untuned UV

From M. McCullough. “Swamp” term by G. Giudice

Effective Field Theories for BSM physics

22



June 19, 2025

LaTeX materials for 2025 talks on SMEFT fits at future
colliders

J. de Blasa†
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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µ
uR) Oeu (ēR�µeR)
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(ūR�µuR) (ūR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
eR) Oee
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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(ēR�µeR) (ūR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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(ēR�µeR) (ēR�
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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
uR) O

(1)
qu (q̄L�µTAqL) (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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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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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (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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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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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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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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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�µeR) (ēR�
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µ
uR) Oeu (ēR�µeR)
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µ
eR) Oee
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(ēR�

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

(1)
qu (q̄L�µTAqL) (ūR�
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µ
eR) Oee
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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(ēR�µeR) (ūR�
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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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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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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
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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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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µ
uR) Oeu (ēR�µeR)
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µ
uR) O

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

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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µ
eR) Oee
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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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
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�

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
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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(ēR�µeR) (ēR�
µ
eR) Oee
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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(ēR�µeR) (ūR�
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(ēR�

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

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ūR�µuR) (ūR�
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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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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
µ
uR) O

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

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

µ
dR

�
O

(1)
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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�

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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(ēR�µeR) (ēR�
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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µ
uR) Oeu (ēR�µeR)
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (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
uR) Oeu (ēR�µeR)
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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µ
uR) Oeu (ēR�µeR)
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µ
uR) O

(1)
qu (q̄L�µTAqL) (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
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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Effective Field Theories for BSM physics

EWPO: Z-pole, W obs.

Higgs “couplings"

Higgs self-coupling

Top couplings
2 to 2 fermion processes

Top/Higgs/EW physics @ pp

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

And this is just the  
simple picture at LO

Also in Higgs physics (VBF, VH)

EW precision/Higgs precision
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Effective Field Theories for BSM physics
A simple fit to 100 of these operators
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Effective Field Theories for BSM physics
A simple fit to 100 of these operators
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⇒ Predicted Higgs (effective) couplings

Similar conclusions than in Kappa analysis
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Many of these affect directly the properties of the Higgs boson

hZZ ~hWW  

up to custodial symmetry breaking effects
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Effective Field Theories for BSM physics
A simple fit to 100 of these operators
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Effective Field Theories for BSM physics
A simple fit to 100 of these operators
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Figure 1. Tree-level diagrams contributing to the e+e≠
æ bW + b̄W ≠ production at lepton col-

liders: (a) the top-quark pair production through a s-channel Z boson or photon exchange, (b)
representative diagram for single top-quark production e+e≠

æ tb̄W ≠.

available for these operators in the e+e≠
æ bW + b̄W ≠ process.

The impact of runs at various centre-of-mass energies and for several beam polariza-
tions is examined. We derive global constraints on the whole ten-dimensional e�ective-
field-theory parameter space considered for di�erent collider programmes. A special focus
is devoted to two benchmark run scenarios covering the ranges of possibilities contem-
plated by future linear colliders, with runs at centre-of-mass energies of 500 GeV and 1 TeV
and P (e+, e≠) = (±30%, û80%) beam polarizations for the ILC [22, 23], and 380 GeV,
1.4 TeV and 3 TeV runs with P (e+, e≠) = (0%, û80%) beam polarizations for CLIC [24].
Circular lepton collider could also access top-quark pair production, collecting for instance
1.5 ab≠1 at a centre-of-mass energy of 365 GeV, in addition to 200 fb≠1 at the top-quark
pair production threshold, without beam polarization [25]. We will also briefly discuss this
scenario.

This paper is organized as follows. Top-quark production at lepton colliders is intro-
duced in Sec. 2. Section 3 describes our e�ective-field-theory setup. Various observables are
then discussed in Sec. 4, together with their sensitivity to operator coe�cients. Statisti-
cally optimal observables are treated in a separate Sec. 5. The global reach of future lepton
collider is then finally presented in Sec. 6. Our main results appear in Figs. 23, 24, and 25
for the three benchmark run scenarios considered. Comparisons with existing constraints
and various HL-LHC prospects are provided Sec. 7. A few appendices include additional
material, notably a conversion of our results into the e�ective-field-theory conventions es-
tablished by the LHC TOP WG [26]. Useful computer codes and numerical results are
made available at https://github.com/gdurieux/optimal_observables_ee2tt2bwbw.

2 Top-quark production at lepton colliders

In the standard model, lepton colliders primarily produce top quarks in pairs through a s-
channel Z boson or photon, as pictured in Fig. 1(a). A number of other processes, including
single top-quark production illustrated in Fig. 1(b), also contribute to the bW + b̄W ≠ final
state. Although certain regions of the bW energies and invariant masses are enriched in
double- and single-resonant processes [27, 28], a clean separation is generally not achievable.
It is therefore in principle preferable to consider the inclusive e+e≠

æ bW + b̄W ≠ process.

– 2 –
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Effective EW couplings

Sizable improvement at future Z pole runs 
Advantage for Tera Z despite benefits of polarization
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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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(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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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud

(ēR�µeR) (ūR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (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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(ēR�µeR) (ūR�
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µ
eR) Oee
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µ
eR) Oee
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�

µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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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
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�

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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(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 –
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Figure 2: New physics a↵ecting the Higgs self-energy in (a), contributing to Higgs observ-
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(a) Higgs self-coupling (b) e+e� ! ZH (c) Z-pole oblique params.
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ēR�µeR) (ūR�
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(ēR�µeR) (ēR�
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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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µ
uR) Oeu (ēR�µeR)
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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(ēR�µeR) (ūR�
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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) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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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
eR) Oqe

�
l̄L�µlL

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

June 19, 2025

LaTeX materials for 2025 talks on SMEFT fits at future
colliders

J. de Blasa†
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LaTeX materials.

1 Standard Model E↵ective Field Thoery
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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: 

! = 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

On the Higgs self-coupling (Higgs potential)
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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,

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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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
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(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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(ēR�µeR) (ēR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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(ūR�µuR) (ūR�
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µ
uR) Oeu (ēR�µeR)
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(ēR�µeR) (ēR�
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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(ēR�µeR) (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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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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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)
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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Table 2: Basis of dimension-six operators: operators other than four-fermion interactions.
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µ
uR) O�u (�

†
i

$
Dµ�)

�
d̄R�

µ
dR

�
O�d

(�̃
†
iDµ�) (ūR�
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(a) Four-fermion operator (b) Z-vertex correction (c) e+e� ! f̄f

Figure 9: Four-fermion contact interaction that may contribute at LO to e+e� ! f̄f (a),

its contribution to Z vertex corrections at NLO in (b), and its contribution to e+e� ! f̄f

at NLO (c). Red squares indicate SMEFT contributions to the vertex.

the other hand, o↵-pole sensitivity in the e+e� ! f̄f processes at the WW , ZH, and

tt̄ energies was studied recently in Ref. [21] via a dedicated flavor tagging analysis. Here

we review and summarise the main conclusions. The projected sensitivities are shown in

Fig. 1 for the four-quark (4Q), four-lepton (4L), and two-quark-two-lepton (2Q2L) oper-

ators, with darker shading indicating a stronger sensitivity to the e↵ective scale of new

physics ⇤i
e↵

= (Ci)�1/2, while Fig. 9 summarizes the relevant diagrams.

Semi-leptonic (2Q2L) operators

For the semi-leptonic (2Q2L) operators, we see better sensitivity from on-pole data for

operators involving top quarks and no electrons, namely: [C(1)

lq ]3333, [C(3)

lq ]3333, [Clu]3333,

[Ceu]3333, and [Cqe]3333. These operators run strongly into EW vertex corrections / Ncy2t
by closing the top loop and attaching two Higgses. On the other hand, o↵-pole data

unsurprisingly performs better for operators involving electrons as they enter at LO and

receive an energy enhancement. Still, a competitive bound can be achieved at the Z-pole if

the operator has top quarks such as: [C(1)

lq ]1133, [C
(3)

lq ]1133, [Clu]1133, [Ceu]1133, and [Cqe]3311.

Finally, other semi-leptonic operators without tops or electrons contribute to both on- and

o↵-pole observables only at the loop level (see Fig. 9), typically with comparable or slightly

better sensitivity on the pole.

Four quark (4Q) operators

Four quark operators enter via the loop diagrams in Fig. 9 for both on-pole and o↵-pole

measurements, with on-pole data providing better sensitivity for operators involving top

quarks such as [C(1)

qq ]3333, [C
(1)

qu ]3333, and [Cuu]3333.3 In the absence of tops, the dominant

contribution comes from EW gauge running both on and o↵ the pole. In this case, the

constraints are typically comparable which can be understood by considering the energy en-

hancement o↵-pole vs. statistics on-pole, again demonstrating the principle that accuracy

complements energy.

3
In the case of [Cuu]3333, the contribution to Z-pole observables occurs starting at the 2-loop level, but

it is nonetheless phenomenologically relevant [4–6].
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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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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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(ēR�µeR) (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
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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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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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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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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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
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
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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(a) Four-fermion operator (b) Z-vertex correction (c) e+e� ! f̄f

Figure 9: Four-fermion contact interaction that may contribute at LO to e+e� ! f̄f (a),

its contribution to Z vertex corrections at NLO in (b), and its contribution to e+e� ! f̄f

at NLO (c). Red squares indicate SMEFT contributions to the vertex.

the other hand, o↵-pole sensitivity in the e+e� ! f̄f processes at the WW , ZH, and

tt̄ energies was studied recently in Ref. [21] via a dedicated flavor tagging analysis. Here

we review and summarise the main conclusions. The projected sensitivities are shown in

Fig. 1 for the four-quark (4Q), four-lepton (4L), and two-quark-two-lepton (2Q2L) oper-

ators, with darker shading indicating a stronger sensitivity to the e↵ective scale of new

physics ⇤i
e↵

= (Ci)�1/2, while Fig. 9 summarizes the relevant diagrams.

Semi-leptonic (2Q2L) operators

For the semi-leptonic (2Q2L) operators, we see better sensitivity from on-pole data for

operators involving top quarks and no electrons, namely: [C(1)

lq ]3333, [C(3)

lq ]3333, [Clu]3333,

[Ceu]3333, and [Cqe]3333. These operators run strongly into EW vertex corrections / Ncy2t
by closing the top loop and attaching two Higgses. On the other hand, o↵-pole data

unsurprisingly performs better for operators involving electrons as they enter at LO and

receive an energy enhancement. Still, a competitive bound can be achieved at the Z-pole if

the operator has top quarks such as: [C(1)

lq ]1133, [C
(3)

lq ]1133, [Clu]1133, [Ceu]1133, and [Cqe]3311.

Finally, other semi-leptonic operators without tops or electrons contribute to both on- and

o↵-pole observables only at the loop level (see Fig. 9), typically with comparable or slightly

better sensitivity on the pole.

Four quark (4Q) operators

Four quark operators enter via the loop diagrams in Fig. 9 for both on-pole and o↵-pole

measurements, with on-pole data providing better sensitivity for operators involving top

quarks such as [C(1)

qq ]3333, [C
(1)

qu ]3333, and [Cuu]3333.3 In the absence of tops, the dominant

contribution comes from EW gauge running both on and o↵ the pole. In this case, the

constraints are typically comparable which can be understood by considering the energy en-

hancement o↵-pole vs. statistics on-pole, again demonstrating the principle that accuracy

complements energy.

3
In the case of [Cuu]3333, the contribution to Z-pole observables occurs starting at the 2-loop level, but

it is nonetheless phenomenologically relevant [4–6].
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Need to go above tt threshold or  via precise e+e- →f or  via precise Z-pole
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Very high precision can mitigate (to some extent) the lack of top runs at different energies  
Still, access to higher and higher energies gives a clear advantage for contact interactions the higher we go in energy

⇒ Precision from energy

Precision vs. Energy: 2 relevant (and related) examples
HL-LHC HL+LHeC

HL+LCF250/500/1000

HL+CLIC380/1500

HL+LEP3

HL+FCC

HL+MuC10TeV

HL+LCF250/500

HL+CLIC380

HL+FCC-eeZ/WW/240/365

HL+LCF250 HL+FCC-eeZ/WW/240

36
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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
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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(ēR�µeR) (ēR�
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(ēR�µeR) (ūR�
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µ
uR) Oeu (ēR�µeR)
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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
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) Four-fermion operator (b) Z-vertex correction (c) e+e� ! f̄f

Figure 9: Four-fermion contact interaction that may contribute at LO to e+e� ! f̄f (a),

its contribution to Z vertex corrections at NLO in (b), and its contribution to e+e� ! f̄f

at NLO (c). Red squares indicate SMEFT contributions to the vertex.

the other hand, o↵-pole sensitivity in the e+e� ! f̄f processes at the WW , ZH, and

tt̄ energies was studied recently in Ref. [21] via a dedicated flavor tagging analysis. Here

we review and summarise the main conclusions. The projected sensitivities are shown in

Fig. 1 for the four-quark (4Q), four-lepton (4L), and two-quark-two-lepton (2Q2L) oper-

ators, with darker shading indicating a stronger sensitivity to the e↵ective scale of new

physics ⇤i
e↵

= (Ci)�1/2, while Fig. 9 summarizes the relevant diagrams.

Semi-leptonic (2Q2L) operators

For the semi-leptonic (2Q2L) operators, we see better sensitivity from on-pole data for

operators involving top quarks and no electrons, namely: [C(1)

lq ]3333, [C(3)

lq ]3333, [Clu]3333,

[Ceu]3333, and [Cqe]3333. These operators run strongly into EW vertex corrections / Ncy2t
by closing the top loop and attaching two Higgses. On the other hand, o↵-pole data

unsurprisingly performs better for operators involving electrons as they enter at LO and

receive an energy enhancement. Still, a competitive bound can be achieved at the Z-pole if

the operator has top quarks such as: [C(1)

lq ]1133, [C
(3)

lq ]1133, [Clu]1133, [Ceu]1133, and [Cqe]3311.

Finally, other semi-leptonic operators without tops or electrons contribute to both on- and

o↵-pole observables only at the loop level (see Fig. 9), typically with comparable or slightly

better sensitivity on the pole.

Four quark (4Q) operators

Four quark operators enter via the loop diagrams in Fig. 9 for both on-pole and o↵-pole

measurements, with on-pole data providing better sensitivity for operators involving top

quarks such as [C(1)

qq ]3333, [C
(1)

qu ]3333, and [Cuu]3333.3 In the absence of tops, the dominant

contribution comes from EW gauge running both on and o↵ the pole. In this case, the

constraints are typically comparable which can be understood by considering the energy en-

hancement o↵-pole vs. statistics on-pole, again demonstrating the principle that accuracy

complements energy.

3
In the case of [Cuu]3333, the contribution to Z-pole observables occurs starting at the 2-loop level, but

it is nonetheless phenomenologically relevant [4–6].
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Lepton collider specific
(FCC-hh also brings access to similar effects for  4q operators via dijet)

Lepton collider but also FCC-hh (Drell-Yan, WiP)  

Light 4-fermion interactions in 2 to 2 fermion processes

Access to higher and higher energies gives a clear advantage for contact interactions the higher we go in energy

Precision FROM Energy

⇒ Precision from energy

�O

OSM
⇠ E

2
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µ
eR) Oee
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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(ēR�µeR) (ēR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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(ūR�µuR) (ūR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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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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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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µ
eR) Oee
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(ūR�µuR) (ūR�
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µ
eR) Oee
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (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

"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
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
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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(ēR�µeR) (ēR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ūR�µuR) (ūR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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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
eR) Oee
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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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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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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(ūR�µuR) (ūR�
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µ
uR) O

(1)
qu (q̄L�µTAqL) (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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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
eR) Oee

(ūR�µuR) (ūR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

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

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ēR�µeR) (ēR�
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µ
eR) Oee
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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µ
eR) Oee
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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�µeR) (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�

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
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�

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
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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(ūR�µuR) (ūR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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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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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
eR) Oqe

�
l̄L�µlL

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

µ
dR

�
O

(1)
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(ēR�µeR) (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
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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Precision FROM Energy: EW physics at high-E machines
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EWPO at Tera Z: Best overall sensitivity to operators modifying EW interactions
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But muon collider provides stronger sensitivity if NP couples via 2nd family (or universally)

Single operator bounds: Sensitivity to scales ~100 TeV in several cases
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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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�µeR) (ūR�
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µ
eR) Oee
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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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(ēR�µeR) (ūR�
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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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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
eR) Oee
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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(ēR�µeR) (ūR�
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µ
eR) Oqe

�
l̄L�µlL

�
(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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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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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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EWPO at Tera Z: Best overall sensitivity to operators modifying EW interactions
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But muon collider provides stronger sensitivity if NP couples via 2nd family (or universally)
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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(ēR�

µ
eR) Ole (q̄L�µqL) (ēR�
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(ēR�µeR) (ūR�
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(ūR�

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

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

µ
dR

�
O

(1)
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µ
uR) Ouu

�
d̄R�µdR

� �
d̄R�

µ
dR

�
Odd
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(ēR�µeR) (ūR�
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(ēR�µeR) (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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µ
eR) Oqe

�
l̄L�µlL

�
(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
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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EWPO at Tera Z: Best overall sensitivity to operators modifying EW interactions

Global bounds

But muon collider provides stronger sensitivity if NP couples via 2nd family (or universally)

µµ→VV

Growing with E  
effects in diBoson Growing with E effects can provide very strong constraints from comparatively less precise 

experimental measurements
⇒ Less challenging interpretation from theory point of view
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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(ēR�µeR) (ēR�
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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�µeR) (ēR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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(ēR�µeR) (ēR�
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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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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

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

µ
dR

�
O

(1)
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(ēR�

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

µ
uR) Olu

�
l̄L�µlL

� �
d̄R�

µ
dR

�
Old

(q̄L�µqL) (ūR�
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µ
uR) Oeu (ēR�µeR)
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(ēR�

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

µ
dR

�
Oed

�
l̄L�µlL

�
(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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Precision FROM Energy: EW physics at high-E machines
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EWPO at Tera Z: Best overall sensitivity to operators modifying EW interactions

Global bounds

µµ→VV

Growing with E  
effects in diBoson Growing with E effects can provide very strong constraints from comparatively less precise 

experimental measurements
⇒ Less challenging interpretation from theory point of view

Similar conclusions apply to FCC-hh high-Energy measurements for quark interactions  
(Work in progress)
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But muon collider provides stronger sensitivity if NP couples via 2nd family (or universally)
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TH Precision

EXP Precision 
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A few words on the impact of theory uncertainties

• Theory precision is fundamental to extract all the information from experimental precision tests

‣ SM theory precision (for interpretation) is likely not going to be a bottleneck in Higgs physics at lepton 
colliders, unless one goes to very high energies
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High-E lepton colliders more affected when precision comes from VBF  
(log- enhanced EW correction major source of TH uncertainty)

Impact of Future projected theory uncertainties in production
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• Theory precision is fundamental to extract all the information from experimental precision tests

‣ But the impact may be much larger Electroweak precision measurements (+ rethinking of EWPO needed!) 
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Impact of projected theory uncertainties in EWPO: ST oblique parameters

Baseline assuming the  
“Aggressive”  

theory uncertainty scenario  
discussed in A. Freitas talk on Monday

A few words on the impact of theory uncertainties
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• Theory precision is fundamental to extract all the information from experimental precision tests

‣ But the impact may be much larger Electroweak precision measurements (+ rethinking of EWPO needed!) 
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Impact of Theory uncertainties in EWPO: ST oblique parameters

Large impact on assumptions about the size of theory uncertainties

Comparing the “Aggressive”/“Conservative” Theory uncertainty scenarios discussed in A. Freitas talk on Monday

A few words on the impact of theory uncertainties
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The road forward 
What is left to be done for the Briefing Book
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What is missing?

• The results presented in this talk must be considered as PRELIMINARY

• Several things still missing:

‣ Inputs:

‣ Information from FCC-hh high-Energy measurements (di-Boson, Top)

‣ Updates on some of the inputs still under discussion

‣ Outputs:  Top couplings 

• A container with the fitting tools used in the study will be made available after the Briefing Book 
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Concluding… 
Back to the important questions
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What do we need?

• Having the highest precision in a single set of measurements vs. less precision over a wider set of measurements?

‣ If we knew what we are looking for, probably the former…

‣ We don’t know ⇒ We need the most precision we can get over the widest set of measurement possible 

• Precision vs. Energy?

‣ Both can give access to similar new physics effects in the SMEFT interpretation

‣ The key word is complementarity: consistency of high-energy results with low-energy precision 
measurements can bring extra information 

‣ Caution: part of the complementarity is lost if some of the SMEFT assumptions are not valid (e.g. HEFT)…
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What do we need?

• How much experimental precision? Short answer would be “as much as possible” but…

‣ Challenges: Theory precision/Detector designs capable of matching target precision. Not an easy task

• If we can overcome these challenges, what still matters most it to have a large array of measurements that can 
be used to characterize the origin of an eventual NP signal

‣ Not only Electroweak measurements ⇒ Flavour, Neutrino, QCD, … Inputs from all WGs are needed to get 

a global picture of what is the best collider option and…

‣ BSM WG:  Where everything comes together to get answers to the open questions of particle physics
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In other words, be wary of informing future collider 
discussions based on SMEFT alone.  All 
operators/combinations are not created equal!

Thanks to Gian Giudice for the “Swamp” term…

Effective Field Theory

UV

IR

??

SMEFT
“Swamp” “Plausible”

Untuned UV Not all SMEFT directions are equal
SMEFT tells you about what measurement can do  

BUT some BSM perspective should be taken into consideration  
to decide what is most important
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What do we need?

• How much experimental precision? Short answer would be “as much as possible” but…

‣ Challenges: Theory precision/Detector designs capable of matching target precision. Not an easy task

• If we can overcome these challenges, what still matters most it to have a large array of measurements that can 
be used to characterize the origin of an eventual NP signal

‣ Not only Electroweak measurements ⇒ Flavour, Neutrino, QCD, … Inputs from all WGs are needed to get 

a global picture of what is the best collider option and…

‣ BSM WG:  Where everything comes together to get answers to the open questions of particle physics

• Finally, we should keep in mind that we can still find something at the LHC! What’s next?

‣ Many models could be consistent with a given signal

‣ Consistency with much higher precision tests of the EW sector would be crucial in guiding future direct 
searches and to uncover the new sector
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