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Introduction (Disclaimer)

• As the title indicates, this will be mostly a technical talk, explaining the details of the studies prepared 
by the Electroweak Working Group to compare the different collider projects

(What we have so far and some things that are still in the process) 

• The benchmarks follow some of the studies of the previous ESPP,  but have been significantly extended in the 
scope, both from the theory and experimental point of view

• Only a few results shown at the end
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Introduction

• Two main frameworks used for the comparison of big projects:

EFT framework ➤ General BSM exploration

Kappa framework ➤ Higgs precision



Details on the
Kappa framework comparisons
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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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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
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2
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�SM(Hæf)
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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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1 Standard Model E↵ective Field Thoery

L = LSM + LNP + LNP�SM

L = LEFT(� LSM)

Kappa-n = {Z,W ,g,�,Z�,t,b,c,s,⌧ ,µ,BRinv,BRunt}
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Kappa-0

Kappa-3

Kappa framework description of Higgs precision

• Compact description of precision of Higgs measurements taken the SM as reference:

• PROS: Does not require any BSM calculation per se and it is easy to interpret for several interesting NP 
models (e.g. CH, MSSM)

• CONS: Not usable beyond single-Higgs processes, does not benefit from kinematic information, polarization, …

• Two scenarios considered (naming following previous ESPP but Kappa-0 now includes HL-LHC)

New physics contributions to Higgs width that are either invisible (inv) or not “tagged” by Exp. analyses (“unt”)
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But chosen to illustrate different precision of Z/W Higgs channels
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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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Precision and Energy

Effective Field Theories for BSM physics

• Framework used across several of the PPG Working Groups to study indirect sensitivity to BSM
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• With some minimal assumptions about the UV, the IR effects of new physics can be parameterized via an 
Effective Lagrangian

• Approximates the effect of any model under these assumptions

• Even if someone’s favorite model does not fit in these assumptions (e.g. light d.o.f.), the SMEFT provides a 
very general framework to explore BSM deformations, well-motivated phenomenologically and mature in 
terms of tools and techniques 
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Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
EFT: E↵ects suppressed by �

q

⇤

�d�4

q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
�4

(10
�6

)

�Z [GeV] 10
�4

(4 ⇥ 10
�5

)

�
0
had [nb] 5⇥10

�3
(10

�4
)

Re 0.006 (3 ⇥ 10
�4

)

Rµ 0.001 (5 ⇥ 10
�4

)

R⌧ 0.002 (10
�4

)

Rb 0.00006 (3 ⇥ 10
�4

)

Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.
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Not perfect, but it is arguably today’s best choice for a comparison exercise  
without going directly into specific models

Effective Field Theories for BSM physics
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59 Operator  
structures

The SMEFT @ d=6
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Table 1: Basis of dimension-six operators: four-fermion interactions. Flavor indices are omitted.
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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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ud (ūR�µTAuR)

�
d̄R�

µ
TAdR

�
O

(8)
ud
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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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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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µ
eR) Oqe

�
l̄L�µlL

�
(ūR�
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µ
uR) O

(1)
qu (q̄L�µTAqL) (ūR�

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)
�
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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�
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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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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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
eR) O�e

(�
†
i

$
Dµ�) (q̄L�

µ
qL) O

(1)
�q (�

†
i

$
D

a
µ�) (q̄L�

µ
�aqL) O

(3)
�q

(�
†
i

$
Dµ�) (ūR�
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µ
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) Oee
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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�
d̄R�

µ
dR

�
Oed

�
l̄L�µlL

�
(ēR�
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(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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(ūR�µuR)
�
d̄R�

µ
dR

�
O

(1)
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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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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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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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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) 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
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
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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• Scale of flavor constraints typically larger than EW ⇒ Need some Flavor “protection”

‣ Assume New Physics respects the approximate U(2) quark flavor symmetries of the SM 

⇒ No new sources of flavor mixing but separate 3rd and light generations

• For this symposium, adopted full U(2)5 flavor symmetry (+ CP conservation) ⇒124 operators
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Implications of Flavor assumptions

• New physics cannot modify, independently, light-quark Yukawa (e.g. charm) 

• Electron and Muon go together: facilitates comparison of e+e- and µ+µ- , but 
misses information from universality tests

‣ Can be recovered, if relevant, lifting the leptonic U(2) 

⇒ Covered in Kappa framework anyway



• EFTs should only be used at energies below the cut-off scale Λ, but each collider have different energy reach…

• In general, flavor assumptions on NP are technically scale dependent                                                         
(though for the previous assumptions, respecting SM approximate symmetries, the dependence should be small)

Setting the scale

⇒ For consistency, set the same scale Λ in the comparison. Which one?
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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.
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The Muon Collider
Input to the European Strategy for Particle Physics - 2026 update

The International Muon Collider Collaboration

Contact persons:
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Federico Meloni
†

(federico.meloni@desy.de)

Chris Rogers
‡

(chris.rogers@stfc.ac.uk)

Abstract
Muons offer a unique opportunity to build a compact high-energy elec-

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

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

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

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

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

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

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

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

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

significantly broaden the scope of particle colliders, engaging the many

frontiers of the high energy community.

The last European Strategy for Particle Physics Update and later the

Particle Physics Project Prioritisation Panel in the US requested a study

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

Muon Collider Collaboration. In this comprehensive document we

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

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

collider a reality.

*Organisation Européenne pour la Recherche Nucléaire (CERN), Geneva, Switzerland
†Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
‡STFC Rutherford Appleton Laboratory (RAL), Harwell Oxford, United Kingdom
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Chose a common scale Λ=10 TeV in the comparison
(Technically not consistent with FCC-hh energy and may be revisited when more projections are available)
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The SMEFT setup

• Working at dimension 6 in the Warsaw basis

• Assume NP respects U(2)5 flavor symmetry                             
(+ CP conservation) at Λ=10 TeV

‣ Flavor basis aligned with up-quark basis

• Include RGE evolution from 10 TeV down to the relevant scales

‣ For the moment ignoring a few operators that only mix very 
weakly with the ones tested at low energy                             

• Compute new physics contributions to observables:

‣ Calculations in “{MZ ,MW,GF}” Electroweak input scheme

‣ Finite NLO effects included for some of the most precise 
observables (EWPO, e+e- →ZH)

⇒ 100 operators (all active for all colliders)
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Thanks to P. P. Giardino and K. Asteriadis for 
providing updated results of their calculations

NLO effects introduces dependence on multiple interactions not present at LO

Z/�

H

Z

H

Z/�

t

t

t

Z/�

Z

e

e

W

W

W

⌫e

e

Z

eZ/�

⌫e

W

⌫eW

W

⌫e

⌫e

Z/�

t

t

Z

H

Z

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

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

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

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

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

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

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

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

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

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

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

agreement with the well-known SM one-loop result [2, 17–20].
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New opportunities to use precision measurements as probe of these 
effects, but could be challenging to disentangle the source of a signal? 

e+e- →ZH:

EWPO:

11
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Figure 3. Sample virtual one-loop contributions to Z decays to 2 fermions. The black circles represent SMEFT insertions
correcting the SM vertices, while the red circle denotes the dimension-6 4-fermion operators.

A. Real contributions

The decays of the Z and W bosons receive contributions from real photon and gluon emissions (as demonstrated
generically in Fig. 2), which are necessary to cancel the IR divergences from the virtual contributions. From Fig. 2,
it is clear that the flavor structure of the real emission diagrams is identical to that of the tree level result. Due to the
complicated tensor structures of the SMEFT vertices, it is convenient to avoid integration over the final state 3-body
phase space and therefore we use the method of Ref. [50], replacing the integration over the phase space with a loop
integration. Specifically, we square the tree-level real amplitudes and then make use of the identity,

2i⇡�(p2
� m2) =

1

p2 � m2 + i0
�

1

p2 � m2 � i0
, (38)

to build a correspondence between phase space integrals and the imaginary part of 2-loop integrals, which we calculate
by rewriting them in terms of known master integrals [51, 52] using FIRE [53]. We notice that only the imaginary
parts that correspond to a cut through all three particles in the final state contribute to the phase space integral,
and thus particular attention has to be taken in isolating the correct imaginary part. We then check that the results
obtained with this technique reproduce the known results for the real photon and gluon contributions to the SM NLO
results. Finally, we treat IR divergences in the real and virtual contributions by giving a small mass to photons and
gluons, and then carefully taking the massless limit of the full result[54].

B. Virtual contributions

At LO, the amplitudes can be written in terms of the EW vacuum expectation value (v), the pole masses of the Z
and W bosons, and the Wilson coefficients of SMEFT operators in Table I. Tree level results for the observables of
Eq. 5 are given in Appendix A of [33]. This reference also includes the NLO results in the case where the 2-fermion
and 4-fermion operators are assumed to be independent of flavor. The virtual diagrams consist of the full set of
one-loop EW and QCD diagrams with the SMEFT vertices. Contributions of special interest to the study of the
flavor structure arise from the 4-fermion interactions shown in Fig. 3. In what follows, we do not assume any flavor
structure for the 4 fermion operators, although as noted in Sec. II, only certain flavor structures arise.

C. UV counterterms

To treat the UV divergences we use dimensional regularization in d dimensions so that the poles are written in terms
of the regulator ✏ = (4 � d)/2, which are later canceled by adding appropriate counterterms.

Note that we chose to exactly cancel all the tadpole contributions, that is we put to zero from the beginning all
the diagrams that contain tadpoles. This corresponds to identifying the renormalized vacuum with the (gauge-
dependent) minimum of the renormalized Higgs potential[55]. Consequently, all intermediate quantities are in general
gauge dependent and only the final physical observables are gauge independent. Therefore, the cancellation of the R⇠

gauge parameter is highly non trivial and a strong check of the correctness of the calculation.

…

…

WARNING: Complete NLO calculations only available for EW precision observables 
                      Higgs: only for ZH, but full NLO corrections missing in WBF, Higgs decays
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The SMEFT setup

• Working at dimension 6 in the Warsaw basis

• Assume NP respects U(2)5 flavor symmetry                             
(+ CP conservation) at Λ=10 TeV

‣ Flavor basis aligned with up-quark basis

• Include RGE evolution from 10 TeV down to the relevant scales

‣ For the moment ignoring a few operators that only mix very 
weakly with the ones tested at low energy                             

• Compute new physics contributions to observables:

‣ Calculations in “{MZ ,MW,GF}” Electroweak input scheme

‣ Finite NLO effects included for some of the most precise 
observables (EWPO, e+e- →ZH)

⇒ 100 operators (all active for all colliders)

On the Higgs width in the SMEFT approach

• In the SMEFT, by definition, there are no contributions to the Higgs 
width from non-SM final states

• In previous studies, this possibility was modeled phenomenologically 
introducing extra parameters to describe such effects:

‣ Technically, not consistent with SMEFT approach (even more when 
starting to introduce NLO effects) ⇒ Not considered here 

‣ Higgs width determination covered by Kappa framework anyway
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• Fit to POI in each of the frameworks using

Strategy for estimation of future sensitivity to New Physics

fit
1

HEP http://hepfit.roma1.infn.it

Special thanks to Luca Silvestrini for his constant support working with the code  
and Victor Miralles for help with Top-quark studies

Statistical analysis
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• Fit to POI in each of the frameworks using

• Other tools available for this purpose, with many future colliders studies appearing recently.  Thanks to:

✓ Jiayin Gu 

✓ Michael Peskin and Junping Tian

✓ The members of the                      collaboration, especially Eugenia Celada, Simone Tentori and Alejo Rossia

• All of which have helped in the validation and cross check of the different tools, since the previous ESPP, during 
the 2021 Snowmass and until now

• Their studies (and others, e.g. L.  Allwicher,  V. Maura, B. Stefanek, T.  You, …) have greatly helped understand 
better the global SMEFT picture at future colliders 

Strategy for estimation of future sensitivity to New Physics

fit
1

HEP
Special thanks to Luca Silvestrini for his constant support working with the code  
and Victor Miralles for help with Top-quark studies

Statistical analysis

http://hepfit.roma1.infn.it
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• Fit to POI in each of the frameworks using

• General considerations

• Bayesian statistical framework

➡ Sensitivity obtained from posterior information (NP parameters/Observables statistical 
errors/limits [68% prob.])

• Likelihood: SM predictions as central values for future “experimental” measurements    
(Level-0 pseudodata). Uncertainties from projected experimental errors. 

• Theory uncertainties in SM predictions included where available, modeled by extra nuisance 
parameters

‣ Following prescriptions in previous talk (Not all scenarios available yet)

Strategy for estimation of future sensitivity to New Physics

fit
1

HEP
Special thanks to Luca Silvestrini for his constant support working with the code  
and Victor Miralles for help with Top-quark studies

Statistical analysis

http://hepfit.roma1.infn.it
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• Fit to POI in each of the frameworks using

•                                         considerations:

• Flat priors for all κ parameters

• New (non-SM) contributions to the Higgs BR constrained to the physical region (BRinv/unt≥0)

Strategy for estimation of future sensitivity to New Physics

fit
1

HEP
Special thanks to Luca Silvestrini for his constant support working with the code  
and Victor Miralles for help with Top-quark studies

Statistical analysis

http://hepfit.roma1.infn.it

Kappa framework
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• Fit to POI in each of the frameworks using

•                                            considerations

• SM dependence included to current knowledge for most precise observables

• New physics effects: SMEFT dependence included consistently to dimension 6

• RGE evolution included via RGESolver 

• Currently including 100 of the124 U(2)5 operators simultaneously  (ignoring those that enter 
in observables only via weak RG mixing)  

Strategy for estimation of future sensitivity to New Physics

fit
1

HEP
Special thanks to Luca Silvestrini for his constant support working with the code  
and Victor Miralles for help with Top-quark studies

Statistical analysis

http://hepfit.roma1.infn.it
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EFT analyses with FCC precision

J. de Blasa†

aINFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
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 SMEFT framework
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• Fit to POI in each of the frameworks using

•                                            considerations

• Flat priors for most parameters

• Flat directions cans still be present, depending on the observables available at each collider 
project  

⇒ Impose theory constrain: perturbative TeV scale new physics 

                                    ⇒                  for              1 TeV

⇒ Via Gaussian prior of the Wilson coefficients at 68% probability (conservative) 

Strategy for estimation of future sensitivity to New Physics

fit
1

HEP
Special thanks to Luca Silvestrini for his constant support working with the code  
and Victor Miralles for help with Top-quark studies

Statistical analysis

http://hepfit.roma1.infn.it
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colliders

J. de Blasa†

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

Abstract

LaTeX materials.
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 SMEFT framework

3

FIG. 2. Regions in the space of c(1)ud , c
(1)
qd , c

(1)
qq , c

(1)
qu and c(3)qq

excluded by EWPOs at 3�. The orange region enclosed by
the solid line includes only leading-log RGE e↵ects, while we
numerically integrate the RGEs to obtain the green region en-
closed by the dashed line.

EWPOs, as implemented in smelli [26, 27], rather than
relying on any TeraZ projection for their final uncertain-
ties. While such a projection can have a significant e↵ect
on the size of the unconstrained region, it will not a↵ect
the existence of a blind direction.

We focus on the space spanned by four-fermion oper-
ators,3 as they are ubiquitous in models of new physics,
arise easily at tree level in UV completions of the SMEFT
and, with the exception of Oll with first family leptons,
none enters into EWPO at tree level [25]. The most un-
constrained four-fermions involve third-family fermions
only, in which we concentrate. Theoretically, one can
motivate that new physics couples mostly to the third

generation [29–32]. We also ignore c(1)quqd, c(8)quqd, cledq,

c(1)lequ and c(3)lequ, as they are in general flavour-violating.
We follow the notation of Ref. [8] for SMEFT WCs.

We assume WCs to be defined at a scale ⇤ = 1 TeV,
and study their impact on EWPO at the scale ⇠ mZ

using the leading-log dimension-six SMEFT RGEs, as
well as upon integrating numerically these RGEs. To
this latter goal, we rely on smelli which is further based
on flavio [33] and Wilson [34].

3 Note that blind directions within the rest of the SMEFT include
the obvious cases of O� —which a↵ects only the Higgs poten-
tial [28]—, O�⇤ —which enters weakly via RGEs— as well as
certain operators that arise only at loop level. Note also that

the combination c
(1)
�q � c

(3)
�q is untestable with EWPO but only if

it holds right at the Z pole; RGE removes this one.

FIG. 3. Regions in the space of ceu, clu, cqe and c(1)lq excluded
by EWPO at 3�. The orange region enclosed by the solid line
includes only leading-log RGE e↵ects, while we numerically
integrate the RGEs to obtain the green one enclosed by the
dashed line.

To start with, the following WCs do not contribute to

EWPO or their contribution is negligible: cuu, cdd, c
(8)
qu ,

c(8)qd , c
(8)
ud , cle, cll, ced, cld. This explains why most of these

WCs do not appear in Fig. 1 of Ref. [2]. Out of these,
though, cuu is known to be well constrained by two-loop
e↵ects captured by RGE re-summation [2, 35–37]; see
Fig. 1.
On top of this, we explore all sub-spaces spanned by

pairs of the Warsaw-basis four-fermion operators in the
search for blind directions. Assuming no disparate sizes
for ratios of WCs, we find blind directions in the sub-

spaces spanned by {c(1)qd , c
(1)
ud }, {c

(1)
qq , c

(1)
qu }, {c

(3)
qq , c

(1)
qu } and

{c(1)qq , c
(3)
qq }. However, the last three are gone when RGE

resummation is considered;4 see Fig. 2. For the one that
survives, we have, in TeV:

0
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A
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!
, (2)

where we have included the most constraining EWPOs on
these WCs. The null vector of the corresponding matrix,
which describes the blind direction in this sub-space, is

given by: c(1)ud ⇠ c(1)qd . It extends to the full set of EWPOs.
There are no blind directions involving three four-

fermions (assuming no disparate coe�cients as well as
survival under RGE resummation). With four, however,

we find ceu ⇠ cqe ⇠ clu ⇠ c(1)lq as well as ceu ⇠ cqe ⇠

�clu ⇠ �c(1)lq ; see Fig. 3. Indeed, we have, in TeV:

✓
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BB@
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1
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4 Approximate flat directions appear also in the planes of

{ceu, cqe} and {clu, c
(1)
lq }, but here we focus on most robust ones

involving all them.
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• Fit to POI in each of the frameworks using

•                                            considerations

• Flat priors for most parameters

• Flat directions cans still be present, depending on the observables available at each collider 
project  

⇒ Impose theory constrain: perturbative TeV scale new physics 

                                    ⇒                  for              1 TeV

⇒ Via Gaussian prior of the Wilson coefficients at 68% probability (conservative) 

Strategy for estimation of future sensitivity to New Physics

fit
1

HEP
Special thanks to Luca Silvestrini for his constant support working with the code  
and Victor Miralles for help with Top-quark studies

Statistical analysis

http://hepfit.roma1.infn.it
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 SMEFT framework

Final version of the code used for Briefing Book results will be made 
available via a container (Thanks to E. Bagnaschi)
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• 68% prob. uncertainties on κ parameter / 95% prob. upper limit on BRinv/unt

• Higgs width precision for Kappa-3 (prediction) 

• Results expressed in terms of 68% prob. uncertainty on predictions for effective SM 
couplings (on-shell, defined from observable physical quantities)

• Exceptions: Ztt, ttH, H self coupling:

‣ Defined in terms of their SMEFT LO expressions, evaluated at μ=MZ and MH, 
respectively

‣ Or presented in terms of the relevant Wilson coefficients modifying their SM values

Kappa framework

 SMEFT framework

operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

⇤. One can then easily see that when
the experimental accuracy in the measurement of gg ! HH is worse than O(y2

t
/16⇡2), the sensitivity on m⇤ is

dominated by the dim-8 operator.
Although the particular structure of the previous Lagrangian is not fully general, it provides a theoretically

sound benchmark to interpret the results of our studies from a more BSM-oriented perspective. The contribu-
tions from the di↵erent SILH Wilson coe�cients in the Lagrangian (13) to the parameters of the Higgs basis
can be found in [?].

1.2 Results from the EFT framework studies

In the previous section we have detailed the counting of the degrees of freedom that enter in the di↵erent
SMEFT fit scenarios using the so-called Higgs basis. While physical results do not depend on the choice of
basis, in some cases a particular basis may be convenient for computational, presentation or interpretational
purposes (note that the physical interpretation of each dimension-six operator does depend on the basis). From
the point of view of the results presented in this section, however, we are mostly interested in comparing the
sensitivity to deformations with respect to the SM in the Higgs couplings at the di↵erent future collider projects.
To assess these deformations with respect to the SM in a basis-independent way one can project the results of
the SMEFT fit onto a set of on-shell properties of the Higgs boson, via the following Higgs e↵ective couplings:

g
e↵ 2

HX
⌘

�H!X

�
SM
H!X

. (14)

By definition, these quantities, constructed from physical observables, are basis independent. These definitions
are also convenient to compare in a straightforward manner the SMEFT results with those of the  framework
for the single Higgs couplings. Such definition is, however, not phenomenologically possible for the top-Higgs
coupling and the Higgs self-interaction. For the present report we will sidestep these issues by: (1) defining the
e↵ective top coupling in a similar way to all other fermions; (2) to connect and compare with all current studies
of the Higgs self-interaction, we will define ghhh ⌘ �3/�SM

3
.

Note that, at the dimension-six level and truncating the physical e↵ects at order 1/⇤2 one can always express
the previous e↵ective couplings in terms of the dimension-six operators via a linear transformation. Provided
one has a large enough set of such e↵ective couplings, one can then map the e↵ective coupling result into Wilson
coe�cients, and viceversa (of course, the former are not a basis per se and the connection is only well-defined
at a fixed order in perturbation theory and in the EFT expansion). The single Higgs couplings plus ghhh are
however not enough to match the number of free parameters in the SMEFT fits, even in the simplified scenario
SMEFTPEW in eq. (11). In particular, the on-shell couplings ge↵

HZZ,HWW
in eq. (14) do not capture all possible

linear combinations of the di↵erent types of EFT interactions contributing to the HZZ and HWW vertices.4

For that reason we will also present our results by adding the predictions for the (pseudo) observable aTGC
obtained from the di-boson analysis. These extra parameters o↵er a measure of the Higgs couplings to gauge
boson with a non-SM Lorentz structure. As long as we restrict the analysis to observables around the Higgs
mass scale, this approach with on-shell e↵ective couplings and aTGC is perfectly appropriate. When high-energy
observables are considered, like in Section 1.2.2, it would have to be revisited. (In that section, however, we
will present the results directly in terms of the Wilson coe�cients, for easier interpretation in terms of BSM
scenarios.) Even after adding the aTGC, in the SMEFTPEW scenario where �m ⌘ 0 the ge↵

HZZ,HWW
couplings

are not independent, and therefore we will present the results reporting only the coupling to Z bosons.
In the global fit scenarios SMEFTFU and SMEFTND, where we also add those combinations of operators

that can contribute to EWPO, extra information needs to be added to illustrate the constraints on the di↵erent
degrees of freedom included in the fit. Since �m is now a free parameter, we report separately the ge↵

HZZ,HWW

couplings. Following a similar approach as for the Higgs couplings, one can report the sensitivity to modifications
in the e↵ective couplings of the Z to fermions, which can be defined from the Z-pole measurements of the Z
decays and asymmetries, e.g.

�Z!e+e� = ↵ MZ

6 sin2 ✓w cos2 ✓w

(|ge

L
|
2 + |g

e

R
|
2), Ae = |ge

L
|2�|ge

R
|2

|ge

L
|2+|ge

R
|2 . (15)

In what follows, we discuss the results of the SMEFT fit from the point of view of the expected sensitivity
to modifications of the Higgs couplings in the scenarios SMEFTFU and SMEFTND. As it was done in the fits in

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.
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Inputs included:
Electroweak, Higgs and Top
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Higgs EW Top

HL-LHC H, HH LEP/SLD EWPO 

HL-LHC MW

mt, CMS extrap.

LHeC H DIS, aTGC -

LEP3 
MZ/161/230 GeV

H EWPO, 

e+e-→ff, e+e-→W+W- No

LCF 
MZ/250/350/550/1000 GeV

H, HH EWPO, 

e+e-→ff, e+e-→W+W- mt, e+e-→tt

CLIC 
380/1500 GeV

H, HH EWPO via Rad. Return, 

e+e-→ff, e+e-→W+W- mt, e+e-→tt

FCC-ee 
MZ/161/240/345-365 GeV

H EWPO, 

e+e-→ff, e+e-→W+W- mt, e+e-→tt

FCC-hh 
85 TeV

H, HH - 

WW WiP for Brief. Book

ttH/ttZ

tt, 4t WiP for Brief. Book

MuC 
10 TeV

H, HH μ+μ-→ff, VV 
VBF (differential) μ+μ-→tt, VBF

ep

e+e-

pp

µ+µ-

pp  
(Baseline)

Inputs included for EFT studies

Additional inputs considered for all colliders:  αS(MZ),  Δαhad(5)(MZ), mb,  mc  (from LatticeQCD) 
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Theory uncertainties

Theory uncertainty scenario No Theory Uncertainty Agressive TH estimates Agressive TH estimates

Baseline for this 
symposium For comparison

For comparison Baseline for this 
symposium

N/A yet

(For comparison in Briefing 

Book)

Kappa framework

 SMEFT framework
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See previous talk for details.  
TH systematics folded into input EXP projections & TH prediction uncertainties directly in the SM calculations 



Some results:
Kappa framework
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Kappa-0 result summary
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
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Kappa-3 result summary
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
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Kappa-3 result summary
HL-LHC HL+LHeC

HL+LCF250/500/1000

HL+CLIC380/1500

HL+LEP3
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Only at l+l- colliders 
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Theory uncertainty in production

High-E lepton colliders more affected when precision comes from VBF

Theory uncertainty in production

Kappa-0 baseline:

Kappa-0 baseline
Kappa-0 + TH unc.
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On Theory uncertainties: Kappa-0
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Key parameter: MH Key parameter: αS

Key parameter: mb Key parameter: mc
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Parametric uncertainties  
generally under control
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On Theory uncertainties: Kappa-0
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Key parameter: MH Key parameter: αS

Key parameter: mb Key parameter: mc
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Parametric uncertainties  
generally under control
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These results, to be discussed in more detail on Wednesday, 
together with what is presented then must be considered 

PRELIMINARY



Conclusions
See you on Wednesday for the discussion of Results

Jorge de Blas - U. of Granada 
Technical details of the fits and comparisons 

June 23, 2025 40


