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• Effective Field Theories for indirect tests of new physics

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
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What indirect searches look for

If Ecoll < MZ’ one can still test
virtual effects of NP looking for

“deformations” in SM measurements

For Ecoll << MZ’ these low-energy effects can be
well described by effective interactions

3.2 Effective description of new vector bosons 71
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W a
µ ,Bµ

Figure 3.1: Feynman diagrams relevant for the dimension-six effective Lagrangian.

The terms of order 1/M4
V contribute to operators of dimension eight and higher, and will be

neglected in the following. In particular, we see that, as promised, the “nonlinear” terms in LV−SM

do not contribute to the effective Lagrangian up to dimension six, and can be ignored. The result
Eq. (3.2) includes a few operators that are not in the basis introduced in Table 1.8. In order to
compare with previous work, it is convenient to express the result in our basis, performing some
Fierz reorderings and field redefinitions (equivalent to the use of the SM EOM on the dimension-six
operators). The final result can then be written as
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where Oi are the operators collected in Table 1.8, and αi their dimensionless numerical coeffi-
cients. It is clear from the general expression Eq. (3.2), and also from the Feynman diagrams in
Fig. 3.1, that the terms in the effective Lagrangian can be of three basic forms:

1. Four fermions :
g
ψ1ψ2
V g

ψ3ψ4
V

M2
V

[ψ1 ⊗ γµψ2]RV [ψ3 ⊗ γµψ4]RV .
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95 % C.L. limits on (some) dimension-six interactions
F. del Águila, J.B., Fortsch. Phys. 59 (2011) 1036-1040 (arXiv:1105.6103 [hep-ph])

Four-fermion interactions
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Model-independent bounds
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In general, the whole set of such possible 
deformations can be studied with minimal 
reference to the nature of the UV theory

Ecoll

(e.g Z’ effects in dilepton spectrum)
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• The philosophy of Effective Field Theories:

• SMEFT: SM particles and symmetries at low energies, with the Higgs scalar in an 
SU(2)L doublet  + mass gap with new physics (entering at scale Λ, NP decoupled 
for Λ→∞)

UV IR

Λ vEWE≪Λ

We don’t need to know this to describe the physics here
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QFT + 
Particles, Symmetries 

Expansion pars/Power counting
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1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)
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Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.
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Effective Field Theories

• The philosophy of Effective Field Theories:

• SMEFT: SM particles and symmetries at low energies, with the Higgs scalar in an 
SU(2)L doublet  + mass gap with new physics (entering at scale Λ, NP decoupled 
for Λ→∞)

UV IR

Λ vEWE≪Λ

We don’t need to know this to describe the physics here

5Jorge de Blas 
University of Granada 5

QFT + 
Particles, Symmetries 

Expansion pars/Power counting
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Effective Field Theories: The SMEFT

• LO SMEFT Lagrangian (assuming B & L) ⇒ Dim-6 SMEFT: 2499 operators
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Table 2: Operators in the (CP , B and L preserving) dimension-six basis, excluding
four-fermion interactions (see Table 1. used by NPhytter . Flavour indices are om-
mited.

3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume

4
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Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
�q

comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.

3

Warsaw basis operators (Neglecting flavour)
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Table 2: Operators in the (CP , B and L preserving) dimension-six basis, excluding
four-fermion interactions (see Table 1. used by NPhytter . Flavour indices are om-
mited.

3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

A large group of the interactions that appear at dimension six allow for the possibility of
flavour-changing neutral currents. Flavour data is not included in this work. Therefore,
in order to provide meaningful results (in the sense of constraints that survive flavour
constraints in physically possible scenarios) we must make some physically reasonably
assumptions regarding the flavour structure of the new interactions. We will assume
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Table 1: Four-fermion interactions in the (CP , B and L preserving) dimension-six
basis. All these interactions are constrained in the current analysis. Flavour indices
are ommited. [Removed 1/2 from 4F operators to match Warsaw basis]

operators contribute to several di↵erent observables, the resulting constraints may be
dominated by a certain subset of observables. This allows to classify the observables
that better constrain a given set of interactions. This is turn helps to define more
precise classes of operators, as follows:

• Z-pole operators. Being measured with a precision at the per mile level, Z-pole
measurements are one of the more precise test of the validity of the SM descrip-
tion of neutral currents. The limits on any interactions contributing, directly
or indirectly, to the neutral current are usually dominated by this data set, and
we will refer to them as Z-pole operators. This includes ... (Note that the best

constraint on O
(3)
�q

comes from the unitarity relation of the CKM matrix, though.)

• O

• Colored interactions. Colored interactions are refered to those that only involve
colored particles. This includes all the four-quark operators as well as the gluon
operator OG.[Can this last operator contribute to anything else?] Within
the current analysis these contribute exclusively to pp ! jj observables.

3

Warsaw basis operators (Neglecting flavour)
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• Many EFT operators entering in Higgs processes at LO (tree level and O(1/Λ2)) 

• But SMEFT automatically incorporates correlations between Higgs and other 
processes imposed by gauge invariance + linearly realised EW symmetry

• In this talk I will introduce (and discuss part of) the global SMEFT studies 
performed for the Snowmass. 

• More details in the following talks by M. Peskin, V. Miralles and Y. Du.

“Model-independent” only when including ALL contributing operators

⇒ Use Global fit (i.e. EW/Higgs/Top/Flavor)
to constraint all directions

Study the different sectors globally 
(i.e. including all operators)Higgs

Top

EW

…Flavour

SMEFT

Global SMEFT analyses
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SMEFT studies at future colliders:
From the ESU2020 to Snowmass
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• ESU2020: The starting point for the Snowmass SMEFT studies

• Special emphasis on the Higgs sector and sensitivity to BSM deformations of 
Higgs couplings

• Expressed in terms of “effective couplings”:
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13].

3.4.2 Results for BSM-motivated effective Lagrangians

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

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

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

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

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

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

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

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

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

16We obtain alues of dWCEPC ⇠ 5.3⇥ 10�5, dYCEPC ⇠ 4.7⇥ 10�5, with a correlation of -0.5; dWFCC�ee(240) ⇠ 5.4⇥ 10�5, dYFCC�ee(240) ⇠ 4.9⇥ 10�5,
with the same -0.5 correlation; and dWFCC�ee ⇠ 3.2⇥10�5, dYFCC�ee ⇠ 2.9⇥10�5, with a correlation of -0.53.
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• Yukawa couplings:
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�̂yf mfff + h.c., (12)

where �̂yf mf should be thought as 3 ⇥ 3 matrices in flavour space. FCNC
are avoided when �̂yf is diagonal in the same basis as mf . Note that once we
include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
parameters.

• Vector couplings to fermions: while corrections to the QED and QCD ver-
tices are protected by gauge invariance, the electroweak interactions of fermions
V ff (V = Z,W ) are modified at dimension 6. These modifications are directly
related to contact interactions of the form hV ff :
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The �̂gY
X,L/R

are, again, 3x3 matrices in flavor space and parameterize, in par-
ticular, absolute modifications of the EW couplings. Also, not all terms in the
previous equation are independent and the following relations hold to dimension
6:
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with VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix which, unless oth-
erwise is stated, we approximate to the identity matrix.

2.2 E↵ective couplings

As done in [8, 9], some of the results will be presented, not in terms of the Wil-
son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities
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for the Higgs e↵ective couplings, or the quantities ge↵
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for the electroweak e↵ective
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Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:

�X ⌘ X �XSM, �X ⌘
�X

XSM
. (17)

For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:

�gff
V,L/R

⌘
(�̂gf

V,L/R
)ff

gf,SM
V,L/R

. (18)

Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While

10
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• ESU2020: The starting point for the Snowmass SMEFT studies
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• Snowmass: Updated for the SMEFT studies
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Higgs diBoson 
(WW,WZ)

EWPO 
(Z pole, mW, …) Top

HL-LHC Yes (μ) HL-LHC 
Full EFT param. LEP/SLD Yes

FCC-ee Yes (μ, σΖΗ)

(Complete with HL-LHC) Full EFT param. Yes Yes (365 GeV, Ztt)

ILC Yes (μ, σΖΗ)

(Complete with HL-LHC) Full EFT param. Yes 


(Rad. Return, Giga-Z) Yes (500 GeV, Ztt)

CEPC Yes (μ, σΖΗ)

(Complete with HL-LHC) Full EFT param. Yes No

CLIC Yes (μ, σΖΗ) Full EFT param. Yes 

(Rad. Return, Giga-Z) Yes 

Muon 
Colliders

Yes (μ) 
125 GeV/3 & 10 TeV Full EFT param. No. From LEP/SLD No
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Inputs of SMEFT fits
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July 21, 2022



• Snowmass: Updated for the SMEFT studies
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Inputs of SMEFT fits
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Figure 5.16: Definition of the angles in an e
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− → W
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− event.

electron beam and �W is the flight direction of the parent W -boson. The decay angles
can be classified corresponding to the decay type (hadronic or leptonic). The angles
describing the hadronic (leptonic) decay are called cos θ

∗
h

(cos θ
∗
l
) and φ

∗
h

(φ∗
l
).

The hadronic decay angles suffer from a two-fold ambiguity, due to the unknown charge
of the quarks. The two quarks are back-to-back in the rest frame of the W -boson and
the resulting ambiguity is:

(cos θ
∗
h
,φ

∗
h
)↔ (− cos θ

∗
h
,φ

∗
h

+ π), (5.16)

which is folded in the following way:

φ
∗
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,φ

∗
h
)
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< 0→ (− cos θ
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∗
h

+ π). (5.17)

However, for the present study only the angles describing the leptonic decay are used.
Their distributions are shown in Fig. 5.17, with the respective resolutions. Fig. 5.18
compares the cos θW distribution with no anomalous TGCs with a scenario in which
an anomalous value was assigned to the g

Z

1 coupling in order to exemplify the impact
of the TGCs on the angular observables.

5.4.4 Simultaneous Fit

The distributions used in the combined fit are multi-dimensional distributions of the
angular observables. With all four decay angles, in addition to the cos θW observable,
one would need five-dimensional distributions. Filling a five-dimensional distribution
leads to poor statistics for the single bins and does not appear to be a convenient
choice. It was therefore decided to move to three-dimensional distributions, using only
the angles which describe the leptonic decay cos θ

∗
l

and φ
∗
l
, together with cos θW . This
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Muon Collider Higgs precision

J.B., J. Gu, Z. Liu, arXiv: 2203.04324 [hep-ph]

High-E: via WBF or ZBF
M. Forslund, P. Meade, arXiv: 2203.09425 [hep-ph]

125 GeV: μμ→H 

that at high energy lepton colliders, vector boson fusion (VBF) production modes begin to
dominate for many electroweak processes [25, 26], allowing them to be thought of as gauge
boson colliders [9, 10, 14, 25]. However, since we focus on single Higgs precision in this
paper for muon colliders, in Figure 1 we show only the unpolarized cross sections for the
most important production mechanisms as a function of energy, where we have separated
WW and ZZ fusion for single Higgs production. As clearly seen, by 10 TeV, VBF is the
dominant production mode for all single Higgs production including ZH and tt̄H. For ex-
ample, we see that W+

W
� fusion single Higgs overtakes ZH by 500 GeV, ZZ fusion single

Higgs overtakes it by 900 GeV, and even VBF ZH production becomes larger by 1.1 TeV.
Since WW provides the largest single Higgs cross section parametrically, it is obvious that
high energy muon colliders will provide the most sensitivity to the hW

+
W

� coupling com-
pared to other Higgs factory options [3]. However, there is also room for complementarity,
given that at lower energies e

+
e
� colliders rely upon the hZZ coupling for the dominant

production mode. The dominance of VBF and the kinematics of a 10 TeV muon collider
presents new challenges as well. Given that the ZZ and W

+
W

� VBF production modes
are both large (even though ZZ is clearly subdominant), they serve as a background to
each other if there aren’t handles to disentangle them. As we will see in the results of
Section 3, Higgs being a sizable background for itself is a common feature for high energy
muon colliders which benefit from the improved S/B compared to hadron colliders.
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Figure 1. Cross sections for the most important single Higgs production modes as a function
of energy. Here ZH and tt̄H are s-channel production while the others are vector boson fusion
produced in association with any of (⌫µ⌫̄µ, ⌫µµ±

, µ
+
µ
�).

An obvious handle to disentangle various VBF production contributions is the ability to
tag forward charged particles. For instance, if one could tag forward muons, one could easily
distinguish between ZZ and W

+
W

� VBF processes. However, as the ECM increases far
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Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFTND. Note
that Z-radiative return measurements at ILC and CLIC are included in the fit. Two different assumptions are considered for the
systematic errors. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13]. See text for details.

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

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

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

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

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

16We obtain alues of dWCEPC ⇠ 5.3⇥ 10�5, dYCEPC ⇠ 4.7⇥ 10�5, with a correlation of -0.5; dWFCC�ee(240) ⇠ 5.4⇥ 10�5, dYFCC�ee(240) ⇠ 4.9⇥ 10�5,
with the same -0.5 correlation; and dWFCC�ee ⇠ 3.2⇥10�5, dYFCC�ee ⇠ 2.9⇥10�5, with a correlation of -0.53.
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Figure 4. Sensitivity at 68% probability to deviations in the different EW couplings from a global fit to the projections
available at each future collider project. Results obtained within the SMEFT framework in the benchmark SMEFTND. Note
that Z-radiative return measurements at ILC and CLIC are included in the fit. Two different assumptions are considered for the
systematic errors. The HE-LHC results correspond to the S02 assumptions for the theory systematic uncertainties in Higgs
processes [13]. See text for details.

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

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

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

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

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

16We obtain alues of dWCEPC ⇠ 5.3⇥ 10�5, dYCEPC ⇠ 4.7⇥ 10�5, with a correlation of -0.5; dWFCC�ee(240) ⇠ 5.4⇥ 10�5, dYFCC�ee(240) ⇠ 4.9⇥ 10�5,
with the same -0.5 correlation; and dWFCC�ee ⇠ 3.2⇥10�5, dYFCC�ee ⇠ 2.9⇥10�5, with a correlation of -0.53.
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Machine Pol. (e�, e+) Energy Luminosity Reference

HL-LHC Unpolarised 14 TeV 3 ab�1 [14]

ILC
(⌥80%, ±30%)

250 GeV 2 ab�1

[15]
350 GeV 0.2 ab�1

500 GeV 4 ab�1

(⌥80%,±20%) 1 TeV 8 ab�1

CLIC (±80%, 0%)

380 GeV 1 ab�1

[16]
1.5 TeV 2.5 ab�1

3 TeV 5 ab�1

FCC-ee Unpolarised

Z-pole 150 ab�1

[17]

2mW 10 ab�1

240 GeV 5 ab�1

350 GeV 0.2 ab�1

365 GeV 1.5 ab�1

CEPC Unpolarised

Z-pole 100 ab�1

[18]

2mW 6 ab�1

240 GeV 20 ab�1

350 GeV 0.2 ab�1

360 GeV 1 ab�1

MuC Unpolarised

125 GeV 0.02 ab�1

[19, 20]3 TeV 3 ab�1

10 TeV 10 ab�1

Table 2: Future collider scenarios considered in this work.
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SMEFT studies: ESU2020 → Snowmass

• Snowmass: Summary of collider scenarios considered in the               
SMEFT studies

July 20, 2022
https://muoncollider.web.cern.ch

The physics case of a 3 TeV muon collider stage

Submitted to the Proceedings of the US Community Study
on the Future of Particle Physics (Snowmass 2021)

Abstract
In the path towards a muon collider with center of mass energy of 10 TeV or
more, a stage at 3 TeV emerges as an appealing option. Reviewing the
physics potential of such collider is the main purpose of this document. In
order to outline the progression of the physics performances across the stages,
a few sensitivity projections for higher energy are also presented.
There are many opportunities for probing new physics at a 3 TeV muon
collider. Some of them are in common with the extensively documented
physics case of the CLIC 3 TeV energy stage, and include measuring the
Higgs trilinear coupling and testing the possible composite nature of the
Higgs boson and of the top quark at the 20 TeV scale.
Other opportunities are unique of a 3 TeV muon collider, and stem from the
fact that muons are collided rather than electrons. This is exemplified by
studying the potential to explore the microscopic origin of the current g-2 and
B-physics anomalies, which are both related with muons.

This is one of the five reports submitted to Snowmass by the muon colliders community at large. The re-
ports preparation effort has been coordinated by the International Muon Collider Collaboration. Authors
and Signatories have been collected with a subscription page, and are defined as follows:

– An “Author” contributed to the results documented in the report in any form, including e.g. by
participating to the discussions of the community meetings and sending comments on the draft, or
plans to contribute to the future work.

– A “Signatory” expresses support to the efforts described in the report and endorses the Collabora-
tion plans.
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SMEFT assumptions 
• SMEFT truncated at the dim 6 in the EFT expansion (Calculations performed in a modified version of 

the Warsaw basis)

• CP-even operators


• Neglect effects from 4-fermion operators other than the 4-lepton operator contributing to µ decay   
(and hence to GF). 


• 4-fermion operators assumed to be constrained better in non-Higgs processes (e.g. pp → ff or     
e+e- → ff at high E) 


• No dipole operators (Relevant for general analysis of Top processes, but are neglected in our studies)


• Two types of flavor assumptions: flavour universal (18 NP pars) and flavour diagonal (30 NP pars)


Neutral Diagonal: SMEFTND fit

5 SM + 30 New Physics Parameters

– Vector couplings to fermions:
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where, again, not all terms are independent3:
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In the case of Flavour Universality, all the �̂g are proportional to the identity corresponding to a total of 8
parameters: (�̂gZu

L
)ij ⌘ �gZu

L
⇥ �ij , etc. However the right handed charged current, associated to �̂gWq

R
does not

interfere with the SM amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters
to 7.

In the case of Neutral Diagonality, the assumption �̂g
ij

/ �ij is relaxed, allowing for the four coe�cients

associated to the third quark family (�̂gZu

L
)33, (�̂gZd
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associated to leptons to be di↵erent. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios

of Flavour Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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While we have chosen to present the degrees of freedom used in the di↵erent fitting scenarios described above
using the parameterization of the Higgs basis, one can of course do the same in any other basis. In particular,
the mapping between the Higgs basis parameters in the previous Lagrangians and the Wilson coe�cients in
other popular dimension-6 bases in the literature can be found in Section 3 and appendices A and B in [?].

The previous two scenarios will be used to study the sensitivity at future colliders to general departures
from the SM in the global fit to EWPO, Higgs boson rates and diboson production. We will, however, also
consider another more simplified scenario, designed exclusively to study (1) the interplay between the EW and
Higgs constraints, and (2) the impact of the SM theory uncertainties in Higgs boson processes. The impact of
the EW precision constraints on Higgs boson measurements will be illustrated comparing the results of the fit
in the SMEFTND scenario, with the analogous ones assuming the electroweak precision observables are known
with infinite accuracy, both from experiment and theory. We will refer to this idealized case as a scenario with
perfect EW constraints. In practice, this means that any new physics contributions to the EWPO are bounded
to be exactly zero. This includes all possible corrections to the V ff vertices as well as any possible modification
to the W mass, i.e.
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⌘ 0. (10)

As also mentioned above, in this scenario it is also implicit that the SM theory uncertainties on EWPO are
negligible, which makes it suitable to isolate the e↵ect of the SM theory uncertainties in Higgs processes in the
fit. Imposing the previous constraints in Eq. (10) we are thus left with a total of 12 parameters for this scenario
assuming perfect EW constraints:

SMEFTPEW ⌘ { cgg, �cz, c�� , cz� , czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (11)

Finally, while the setup described above aims at some generality, it makes sense to add some perspective on
the nature of the UV theory and to frame the EFT results in terms of particularly well-motivated scenarios.
Understandably, heavy new physics is the more visible in low energy observables the more strongly it is coupled.
In this respect models with a Composite Higgs (CH) are the natural arena in which to perform indirect studies
of new physics. The basic idea of CH models is that all the degrees of freedom of the SM apart from the Higgs

3Here we choose a slightly di↵erent convention for the dependent couplings with respect to [?,?], and we express everything in
terms of the modifications of the neutral currents.
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-Hff and Vff (HVff) diagonal in the physical basis
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SMEFT assumptions 
• SMEFT truncated at the dim 6 in the EFT expansion (Calculations performed in a modified version of 

the Warsaw basis)

• CP-even operators


• Neglect effects from 4-fermion operators other than the 4-lepton operator contributing to µ decay   
(and hence to GF). 


• 4-fermion operators assumed to be constrained better in non-Higgs processes (e.g. pp → ff or     
e+e- → ff at high E) 


• No dipole operators (Relevant for general analysis of Top processes, but are neglected in our studies)


• Two types of flavor assumptions: flavour universal (18 NP pars) and flavour diagonal (30 NP pars)


Neutral Diagonal: SMEFTND fit

5 SM + 30 New Physics Parameters
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In the case of Flavour Universality, all the �̂g are proportional to the identity corresponding to a total of 8
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While we have chosen to present the degrees of freedom used in the di↵erent fitting scenarios described above
using the parameterization of the Higgs basis, one can of course do the same in any other basis. In particular,
the mapping between the Higgs basis parameters in the previous Lagrangians and the Wilson coe�cients in
other popular dimension-6 bases in the literature can be found in Section 3 and appendices A and B in [?].

The previous two scenarios will be used to study the sensitivity at future colliders to general departures
from the SM in the global fit to EWPO, Higgs boson rates and diboson production. We will, however, also
consider another more simplified scenario, designed exclusively to study (1) the interplay between the EW and
Higgs constraints, and (2) the impact of the SM theory uncertainties in Higgs boson processes. The impact of
the EW precision constraints on Higgs boson measurements will be illustrated comparing the results of the fit
in the SMEFTND scenario, with the analogous ones assuming the electroweak precision observables are known
with infinite accuracy, both from experiment and theory. We will refer to this idealized case as a scenario with
perfect EW constraints. In practice, this means that any new physics contributions to the EWPO are bounded
to be exactly zero. This includes all possible corrections to the V ff vertices as well as any possible modification
to the W mass, i.e.
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As also mentioned above, in this scenario it is also implicit that the SM theory uncertainties on EWPO are
negligible, which makes it suitable to isolate the e↵ect of the SM theory uncertainties in Higgs processes in the
fit. Imposing the previous constraints in Eq. (10) we are thus left with a total of 12 parameters for this scenario
assuming perfect EW constraints:

SMEFTPEW ⌘ { cgg, �cz, c�� , cz� , czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (11)

Finally, while the setup described above aims at some generality, it makes sense to add some perspective on
the nature of the UV theory and to frame the EFT results in terms of particularly well-motivated scenarios.
Understandably, heavy new physics is the more visible in low energy observables the more strongly it is coupled.
In this respect models with a Composite Higgs (CH) are the natural arena in which to perform indirect studies
of new physics. The basic idea of CH models is that all the degrees of freedom of the SM apart from the Higgs

3Here we choose a slightly di↵erent convention for the dependent couplings with respect to [?,?], and we express everything in
terms of the modifications of the neutral currents.
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-Hff and Vff (HVff) diagonal in the physical basis

-Vff (HVff) flavour universality respected by first 2 quark families 


-Better for exploration of H & EW  
capabilities at future colliders 
-Cumbersome from model-building 
point of view to avoid FCNC

Parameter counting in the parameterization of LHCHXSWG-INT-2015-001 Higgs/VVV

Vff/hVff

4-fermion operators included in Snowmass studies,  
combining low-energy and and e+e-→ff at high-E 

Also considered constraints on CP-odd boson operators
See Y. Du’s talk in this session

4-fermion and dipole operators also included in Top 
observables

See V. Miralles’ talk in this session
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SMEFT assumptions 
• SMEFT truncated at the dim 6 in the EFT expansion (Calculations performed in a modified version of 

the Warsaw basis)

• CP-even operators


• Neglect effects from 4-fermion operators other than the 4-lepton operator contributing to µ decay   
(and hence to GF). 


• 4-fermion operators assumed to be constrained better in non-Higgs processes (e.g. pp → ff or     
e+e- → ff at high E) 


• No dipole operators (Relevant for general analysis of Top processes, but are neglected in our studies)


• Two types of flavor assumptions: flavour universal (18 NP pars) and flavour diagonal (30 NP pars)


Neutral Diagonal: SMEFTND fit

5 SM + 30 New Physics Parameters

– Vector couplings to fermions:
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In the case of Flavour Universality, all the �̂g are proportional to the identity corresponding to a total of 8
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In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios

of Flavour Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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R
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q1=q2 6=q3, `=e,µ,⌧
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While we have chosen to present the degrees of freedom used in the di↵erent fitting scenarios described above
using the parameterization of the Higgs basis, one can of course do the same in any other basis. In particular,
the mapping between the Higgs basis parameters in the previous Lagrangians and the Wilson coe�cients in
other popular dimension-6 bases in the literature can be found in Section 3 and appendices A and B in [?].

The previous two scenarios will be used to study the sensitivity at future colliders to general departures
from the SM in the global fit to EWPO, Higgs boson rates and diboson production. We will, however, also
consider another more simplified scenario, designed exclusively to study (1) the interplay between the EW and
Higgs constraints, and (2) the impact of the SM theory uncertainties in Higgs boson processes. The impact of
the EW precision constraints on Higgs boson measurements will be illustrated comparing the results of the fit
in the SMEFTND scenario, with the analogous ones assuming the electroweak precision observables are known
with infinite accuracy, both from experiment and theory. We will refer to this idealized case as a scenario with
perfect EW constraints. In practice, this means that any new physics contributions to the EWPO are bounded
to be exactly zero. This includes all possible corrections to the V ff vertices as well as any possible modification
to the W mass, i.e.

�
�m, (�gZu

L
)qi

, (�gZd

L
)qi

, (�gZ⌫

L
)`, (�gZe

L
)`, (�gZu

R
)qi

, (�gZd

R
)qi

, (�gZe

R
)`
 
⌘ 0. (10)

As also mentioned above, in this scenario it is also implicit that the SM theory uncertainties on EWPO are
negligible, which makes it suitable to isolate the e↵ect of the SM theory uncertainties in Higgs processes in the
fit. Imposing the previous constraints in Eq. (10) we are thus left with a total of 12 parameters for this scenario
assuming perfect EW constraints:

SMEFTPEW ⌘ { cgg, �cz, c�� , cz� , czz, cz⇤, �yt, �yc, �yb, �y⌧ , �yµ, �z} . (11)

Finally, while the setup described above aims at some generality, it makes sense to add some perspective on
the nature of the UV theory and to frame the EFT results in terms of particularly well-motivated scenarios.
Understandably, heavy new physics is the more visible in low energy observables the more strongly it is coupled.
In this respect models with a Composite Higgs (CH) are the natural arena in which to perform indirect studies
of new physics. The basic idea of CH models is that all the degrees of freedom of the SM apart from the Higgs

3Here we choose a slightly di↵erent convention for the dependent couplings with respect to [?,?], and we express everything in
terms of the modifications of the neutral currents.
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 5: Marginalized bounds projected on 2D planes. Current Ruc included. Note that
future Ruc improvement only seems to make the band in the 1st plot narrower. Couplings
are not normalized to SM.
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Drell-Yan FB asymmetry at (HL-)LHC

Clean observable: cancellations  
of QCD & PDF uncertainties

to studying the tree-level SMEFT corrections, in which case the transverse momentum of
the incoming quarks is zero.

All in all, once these changes are implemented, Eq. (4.1) transforms into [42]:

d�pp (Y, ŝ, cos ✓⇤)

dY dŝ d cos ✓⇤
/

X

q=u,d,s,c,b

h
�̂even

qq (ŝ, cos ✓⇤) +Dqq (Y, ŝ) �̂
odd

qq (ŝ, cos ✓⇤)
i
Fqq (Y, ŝ) , (4.4)

where Y is the rapidity of the dilepton center-of-mass system, Fqq (Y, ŝ) is called the
parton factor and Dqq (Y, ŝ) is the dilution factor to which we alluded previously. They
depend on the PDFs as:
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e+Y

r
ŝ
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Fqq (ŝ, Y )
,(4.6)

where s is the proton-proton invariant mass. Using this hadronic differential cross-section,
the FB asymmetry is defined as:

AFB (Y, ŝ) =
�F (Y, ŝ)� �B (Y, ŝ)

�F (Y, ŝ) + �B (Y, ŝ)
, (4.7)

where the forward and backward cross-sections, �F and �B, are obtained by integrating
the differential cross section over the positive and negative values of cos ✓⇤, respectively. It
should also be noted that, to calculate AFB integrated over the Y and ŝ bins, one should
integrate independently �F and �B and then calculate the integrated AFB from that input.

The dependence of the asymmetry on the invariant mass and rapidity of the dilepton
system effectively increase the number of independent observables at our disposal. In this
work we restrict to the dilepton masses close to the Z peak, so that contributions from
4-fermion operators can be neglected and only vertex corrections need to be considered.
Corrections to the leptonic Z couplings can also be neglected, due to the very stringent
LEP-1 constraints shown in Eq. (3.4). The effects due to the vertex correction involving
the s, b and c are suppressed by the small PDFs of the heavy quarks in the proton, and again
can be neglected given the LEP-1 constraints. Using measurements of the asymmetry at
different rapidity bins, we will be able to probe different combinations of Zqq couplings. In
principle, four distinct rapidity bins are enough to disentangle all four �gZd/Zu

L/R
corrections,

although this may be hindered in practice by large correlations between the bins, as we will
see in the following.

– 11 –

4 distinct rapidity bins enough to  
disentangle the corrections to 

 L/R Zuu and Zdd couplings

as a function of rapidity Y

1st two quark families cannot be  
cleanly separated with e+e- EWPO

V. Bresó-Pla, A. Falkowski, M. González-Alonso, JHEP 08 (2020) 021
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 3: Precision reach on e↵ective couplings from a SMEFT global analysis of the Higgs
and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
the high energy runs are always combined with the low energy ones. For the ILC scenarios,
the (upper edge of the) triangle mark shows the results for which a Giga-Z run is also
included. For the muon collider, 3 separate scenarios are considered. The subscripts in the
collider scenarios denote the corresponding integrated luminosity of the run in ab�1.

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Figure 10: The 95% probability bounds on the Wilson coe�cients for dimension-six opera-
tors that a↵ect the top-quark production and decay measurements listed in Table 23 after
run 2 of the LHC (in dark red) and prospects for the bounds expected after completion of
the complete LHC program, including the high-luminosity stage (in light red). Only linear
terms proportional to ⇤�2 are taken into account in the dependence of the observables on
the Wilson coe�cients. The individual bounds obtained from a single-parameter fit are
shown as solid bars, while the global or marginalised bounds obtained fitting all Wilson
coe�cients at once are indicated by the full bars (shaded region in each bar).

fermion operator coe�cients [131]. The two sets of operators have very di↵erent
scaling with energy: the sensitivity to four-fermion operators grows quadratically,
while it is constant or grows only linearly for two-fermion operators. In a fit to
data taken at a single centre of mass, linear combinations of their coe�cients remain
degenerate and form blind directions. The combination of runs at two di↵erent centre-
of-mass energies e↵ectively disentangles them and provides global fit constraints close
to the individual bounds. Note that the two-quark two-lepton operators could also
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Figure 12: Comparison of the constraints expected from a combination of HL-LHC and
lepton collider data. The limits on the qqtt and CtG coe�cients are not shown, since
the e

+
e
� collider measurements considered are not sensitive to them, but all operators are

included in the global fit. The improvement expected from the HL-LHC on these coe�cients
is shown in Fig. 10. The solid bars provide the individual limits of the single-parameter fit
and the shaded ones the marginalised limits of the global fit.

in Table 2. The circular colliders (FCC-ee and CECP) operated at and slightly
above the tt threshold are expected to improve constraints on the bottom- and top-
operators by factors 5 and 2 for some two-fermion operators. Indeed, their “TeraZ”
runs provide very competitive bounds (individual ones, in particular) on two-fermion
bottom-operator coe�cients. Their constraining power on four-fermion operators is,
however, limited by the energy reach. Since, at these colliders, the two runs above
the tt-threshold are very close the two-fermion and four-fermion operators are harder
to disentangle. The global limits remain significantly above the individual bounds.
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1

Values in % units LHC HL-LHC ILC500 ILC550 ILC1000 CLIC

�yt
Global fit 6.12 2.53 1.57 1.30 0.739 1.48

Indiv. fit 5.08 1.85 1.41 1.17 0.705 1.26

Table 24: Uncertainties for the top-quark yukawa coupling at 68% probability for di↵erent
scenarios, in percentage. The ILC500, ILC550 and CLIC scenarios also include the HL-LHC.
The ILC1000 scenario includes also ILC500 and HL-LHC.

The linear colliders (ILC and CLIC), operated at two centre-of-mass energies
above the tt threshold, can provide very tight bounds on all operators. The bounds on
four-fermion operators take advantage of the energy-growing sensitivity and become
very competitive if e+e� collision data at a centre-of-mass energy greater than 1 TeV
is available. The ILC1000 and CLIC3000 bounds of O(10�3) on the e+e�tt operators
are by far the tightest top-sector SMEFT constraints that can be achieved at any
future collider considered in this work.

Furthermore, operation above the e+e� ! ttH production threshold provides a
direct probe of the top-quark Yukawa. The additional bar for Ct�, in Fig. 11, accounts
for an ILC run at 550 GeV and shows the impact of the strongly enhanced cross section
of the e+e� ! ttH process reaches the resonant peak boosts the sensitivity [136] to
the top-quark Yukawa coupling. Also the scenarios for 1 TeV and 1.5 TeV operation
considered here yield competitive constraints on this process, that help to improve
the bounds on Ct� with respect to the HL-LHC, as shown in Fig. 12. The limits
obtained for Ct' have been expressed in terms of the top-quark yukawa coupling
(�yt) in Tab. 24.

9 Discussion

9.1 Impact of theory uncertainties

9.2 Higgs self-coupling by di-Higgs and single-Higgs observables

10 Conclusion and Outlook

In this work we performed a few global SMEFT fits for the Higgs and Electroweak
sector, 4-fermion interactions, top-quark sector and pure bosonic CP-odd operators,
each with a well defined subset of dimension-6 operators in the Warsaw basis. The

A muon collider or advanced linear collider have the potential to improve these bounds further,
but quantitative projections for integrated luminosity and experimental performance are currently
not available.
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suppression
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2. Physics Opportunities

Ideally, a muon collider might useful in three ways: as a Higgs pole machine aimed
at studying the Higgs line shape in µ+µ� ! H; as a more compact version of e+e�

colliders below 500 GeV aimed at Higgs and top measurements; as a high energy machine
well above the TeV. However the luminosity and the energy spread performances of the
LEMMA scheme are insu�cient for the two former applications, hence in what follows
we focus on the latter, which is arguably also the most interesting one. Specifically, we
consider a “Very High Energy” option, well above 10 TeV, and a “Multi-TeV” one. The
Very High Energy muon collider would be a discovery machine, with a direct reach on
new physics in the same ballpark as the one of a 100 TeV proton-proton machine, but
it would also have an astonishingly high indirect reach on new physics. The Multi-TeV
one would compete with 3 TeV CLIC, it would address some aspects of Higgs physics
(notably, the Higgs trilinear coupling), and it would indirectly probe new physics in the
electroweak sector deep in the 10 TeV mass range.

Notice however that the conclusions above are the result of a preliminary semi-quantitative
investigation of the muon collider physics performances. The physics case should be
developed in much greater details in parallel with the accelerator feasibility studies.

2.1. Very High Energy

The possibility of reaching center of mass collision energies above 10 TeV makes the muon
collider a discovery machine, aimed at an order-of-magnitude progress in the experimental
exploration of the energy frontier. Such an experimental progress is perceived by many
[4] as essential for fundamental physics. The most ambitious project in this direction is
the one of a 100 TeV proton-proton collider. A very high energy muon collider might have
comparable or superior physics potential, as illustrated in the left panel of Fig. 1. The
figure shows a rough estimate of the center of mass energy,

p
sH , required for a hadronic

proton-proton collider to have equivalent sensitivity of a leptonic one, with energy
p
sL,

to physics at the E ⇠ p
sL energy scale. The estimate is obtained by comparing the

hadron collider cross-section, for a given process occurring at E ⇠ p
sL, with the one for

the “analogous” process (e.g., the production of the same heavy BSM particles pair) at
the lepton collider
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[ŝ�̂]

L
. (1)

PRELIMINARY DOCUMENT 6 Not for distribution

2. Physics Opportunities

Ideally, a muon collider might useful in three ways: as a Higgs pole machine aimed
at studying the Higgs line shape in µ+µ� ! H; as a more compact version of e+e�

colliders below 500 GeV aimed at Higgs and top measurements; as a high energy machine
well above the TeV. However the luminosity and the energy spread performances of the
LEMMA scheme are insu�cient for the two former applications, hence in what follows
we focus on the latter, which is arguably also the most interesting one. Specifically, we
consider a “Very High Energy” option, well above 10 TeV, and a “Multi-TeV” one. The
Very High Energy muon collider would be a discovery machine, with a direct reach on
new physics in the same ballpark as the one of a 100 TeV proton-proton machine, but
it would also have an astonishingly high indirect reach on new physics. The Multi-TeV
one would compete with 3 TeV CLIC, it would address some aspects of Higgs physics
(notably, the Higgs trilinear coupling), and it would indirectly probe new physics in the
electroweak sector deep in the 10 TeV mass range.

Notice however that the conclusions above are the result of a preliminary semi-quantitative
investigation of the muon collider physics performances. The physics case should be
developed in much greater details in parallel with the accelerator feasibility studies.

2.1. Very High Energy

The possibility of reaching center of mass collision energies above 10 TeV makes the muon
collider a discovery machine, aimed at an order-of-magnitude progress in the experimental
exploration of the energy frontier. Such an experimental progress is perceived by many
[4] as essential for fundamental physics. The most ambitious project in this direction is
the one of a 100 TeV proton-proton collider. A very high energy muon collider might have
comparable or superior physics potential, as illustrated in the left panel of Fig. 1. The
figure shows a rough estimate of the center of mass energy,

p
sH , required for a hadronic

proton-proton collider to have equivalent sensitivity of a leptonic one, with energy
p
sL,

to physics at the E ⇠ p
sL energy scale. The estimate is obtained by comparing the

hadron collider cross-section, for a given process occurring at E ⇠ p
sL, with the one for

the “analogous” process (e.g., the production of the same heavy BSM particles pair) at
the lepton collider

�H(E, sH) =
1

sH

Z 1

E2/sH

d⌧

⌧

dL

d⌧
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Figure 1: Left: equivalent hadronic energy as defined in the main text. Right: top partners pair produc-
tion cross-sections at di↵erent colliders

In the hadronic cross-section formula, �̂ denotes the partonic cross-section and
p
ŝ =p

⌧sH is the partonic center of mass energy. Assuming that no s-channel resonances
contribute to the process, ŝ · �̂ is proportional, by dimensional analysis, to the production
couplings times dimensionless factors from the phase-space integral. Therefore it is nearly
constant in ŝ, i.e. in ⌧ , and it can be factored out from the integral. The parton luminosity
dL/d⌧ is taken as the sum of the uu, dd and gg luminosities. In the leptonic formula, �̂ is
just the l+l� production cross-section and ŝ = sL. Working under the rough assumption
that the hadronic and leptonic production couplings and phase-space factors are the same,
i.e. [ŝ�̂]H = [ŝ�̂]L,we obtain the equivalent hadronic energy

p
sH , as function of

p
sL, by

equating �H(sL, sH) with �L(sL). The case [ŝ�̂]H = 10 [ŝ�̂]L, due to the large color factors
and (QCD) couplings one easily encounters in hadron collider production processes, is also
shown in the figure. The result merely illustrates the well-known fact that the collision
energy at a leptonic collider is fully available to produce high-energy reactions, while
steeply falling parton luminosities reduce the energy reach of a hadron machine.

The figure shows that a leptonic collider operating at the LHC energy of 14 TeV would be
capable to produce as many E ⇠ 14 TeV events as a 100 TeV pp machine with the same
integrated luminosity, a fact that however in itself does not tell that the energy reach of
the two machines is comparable. Whether or not this is the case depends on the process;
we consider here for illustration the production of heavy coloured vector-like top partner
fermions [5] (AKA Vector-Like-Quarks [6]), that are important signatures of composite
Higgs models aimed at addressing the Naturalness Problem. We focus in particular on
the partners of the qL = {tL, bL} SM doublet, which are endowed with the same quantum

PRELIMINARY DOCUMENT 7 Not for distribution

Muon Colliders

Lepton coll. operating at energy √sL.

Cross section for reaction at E~√sL

(e.g., production of BSM with M~√sL)

Much better direct reach than hadron colliders [at same E] !

June 29, 2018

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.

1 Eqs

m2
H
=

R1
0 F (E; g) =

=
R ⇤

0 F (E; g) +
R1
⇤ F (E; g)

(1)

�m2
H

= 3y2
t

8⇡2⇤
2

� � �m
2
H

m
2
H

⇡
⇣

126 GeV
mH

⌘2 �
⇤

500 GeV

�2

�L(sL) = 1
sL
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Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.
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• Muon colliders: SMEFT effects in high-E processes

                                                  
Induce 4-fermion operators:  
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W & Y parameters in 2→2 fermion processes 

Figure 6: 95% CL sensitivities to the W and Y at the 10 and 30 TeV muon collider.

Exclusive-only [95% CL] Combined [95% CL]
W⇥107 Y⇥107 ⇢W,Y W⇥107 Y⇥107 ⇢W,Y

3 TeV [�53, 53] [�48, 48] -0.72 [�41, 41] [�46, 46] -0.60
10 TeV [�5.71, 5.71] [�4.47, 4.47] -0.74 [�3.71, 3.71] [�4.16, 4.16] -0.54
14 TeV [�3.11, 3.11] [�2.31, 2.31] -0.74 [�1.90, 1.90] [�2.13, 2.13] -0.52
30 TeV [�0.80, 0.80] [�0.52, 0.52] -0.75 [�0.42, 0.42] [�0.47, 0.47] -0.48

Table 4: Single-operator 95% CL reach and correlation for the W&Y parameters at di↵erent
muon collider energies including only exclusive cross-sections and combining all measurements.
Since the likelihood is dominated by the linear terms in the new physics parameters, the single
parameter reach plus the correlation characterizes our results completely.

central final state particles, with a selection that reduces the background to a manageable
level. Notice that this final state is dominated by the longitudinal helicity channel Z0h.

• W+W�
: Again like in [7], we assume a 44% e�ciency for the detection of the two W

bosons in the semi-leptonic decay channel, where the charge of the W ’s can be recon-
structed. Transverse WW production plays here the role of background.

• Wh : We consider an e�ciency of 19%, having in mind the leptonic W decay, and h ! bb.
Like for Zh, there is no relevant background from transverse production.

• WZ : We apply an e�ciency of 23%, which corresponds to the leptonic W and the
hadronic Z decay. The background from transverse WZ production is considerable, and
is taken into account.

In our analysis we do not consider the possibility of employing the decay angles of the
bosons to extract information on their polarization. Therefore the transverse di-bosons processes
W+

T W�

T and WTZT are e↵ectively irreducible backgrounds to the corresponding longitudinal
processes, and the scattering angle ✓⇤ is the only discriminating variable. An increased lower
cut on ✓⇤ benefits the sensitivity, as it suppresses the t-channel enhancement of the transverse
background processes. After optimization we find, like in Ref. [7], that a good signal sensitivity
is obtained by the measurement of fiducial WW and WZ cross-sections in the range

✓⇤ 2 [67�, 150�] . (38)
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tD = (t̄�µ�at) JY,µ

Table 2: The operators under consideration in their “SILH” [73] form and, after using the
equations of motion, expressed as a linear combination of Warsaw [74] operators. Yf is the
hypercharge of the fermionic field f . In the operators involving the 3rd family the fields t and q
denote respectively the right-handed and left-handed top quark.

Process N (Ex) N (S-I) E↵. O0

2W O0

2B O0

W O0

B O0(3)
qD O0(1)

qD O0

uD

e+ e� 6794 9088 100% X X
e⌫e — 2305 100% X X

µ+ µ� 206402 254388 100% X X
µ ⌫µ — 93010 100% X X
⌧+ ⌧� 6794 9088 25% X X
⌧⌫⌧ — 2305 50% X X

jj (Nt) 19205 25725 100% X X
jj (Ch) — 5653 100% X X

c c̄ 9656 12775 25% X X
cj — 5653 50% X X
b b̄ 4573 6273 64% X X X X
t t̄ 9771 11891 5% X X X X X
b t — 5713 57% X X X X X
Z0h 680 858 26% X X

W+
0 W�

0 1200 1456 44% X X
W+

T W�

T 2775 5027 44%

W±h — 506 19% X X
W±

0 Z0 — 399 23% X X
W±

T ZT — 2345 23%

Table 3: The exclusive and semi-inclusive processes employed for the sensitivity projections.
The operators that give a growing-with-energy contribution to each operator are labeled with a
check mark. The expected number of events (before e�ciencies) is for Ecm = 10 TeV with the
integrated luminosity (35). 21
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Vector bosons and Higgs production
(Zh, WW, Wh, WZ)

Figure 7: Left: 95% sensitivity contours in the (CB, CW ) plane at the 30 TeV muon collider. A
second allowed region, not shown in the figure, can be eliminated by other measurements [7].
Right: Zh and WW likelihood contours at tree-level. Notice that the ellipses for WW and Zh
are tangent in two points, one being the SM, the other being the point where the amplitudes
have the same magnitude as in the SM but opposite sign.

The possibility of binning ✓⇤ has been considered, but found not to improve the sensitivity.
Our analysis will thus be only based on the measurement of the fiducial WW and WZ cross-
sections in the above region, and of the Zh and Wh cross-sections for ✓⇤ 2 [30�, 150�]. As in
the previous section, both exclusive and semi-inclusive cross-sections will be employed for the
neutral processes WW and Zh, plus the semi-inclusive charged cross-sections for Wh and WZ.

The results of our analysis are reported in Table 5 and on the left panel of Figure 7, in terms
of the dimensionful coe�cients (CB and CW ) of the O0

B and O0

W operators of Table 2. Our
finding are quantitatively similar to the ones of Ref. [7]. We can thus refer to that article for
the (very favorable) assessment of the muon collider sensitivity to CB and CW in comparison
with current knowledge and with other future colliders. We devote the rest of this section to
discuss the approximate flat direction of the likelihood in the (CB, CW ) plane, which we observe
in Figure 7 (left panel).

The flat direction entails a strong degradation of the marginalized sensitivity, as in Table 5.
Furthermore this degradation brings the marginalized CB and CW limits to large values, in a
region where the likelihood is considerably a↵ected by the contributions to the cross-sections of
the terms that are quadratic in the new physics parameters. In theories like Composite Higgs
where CB,W ⇠ 1/m2

⇤, this fact implies that the marginalized limits correspond to a new physics
scale m⇤ not much above the collider energy. In fact, looking at Table 5 we notice that the
30 TeV CB reach corresponds to m⇤ = 43 TeV. Thus, if new physics happened to sit along the
flat direction in Figure 7, diboson processes would fail to extend the muon collider sensitivity
well above the direct mass-reach. We do not have reasons to expect new physics to lie in
that direction. Actually in certain Composite Higgs models one expects it to lie in the nearly
orthogonal direction CB = CW [7]. However the presence of the flat direction is an obstruction
to the broad exploration of new physics and to the characterization of a putative discovery. It
is thus worth explaining its origin and discussing strategies to eliminate it.

The origin of the flat direction in the tree-level sensitivity contour (showed dashed, on the
left panel of Figure 7) is readily understood analytically, by considering the gradients “r” of the
Born-level cross-sections in the (CB, CW ) plane, around the SM point (0, 0). Using the results
for WW and Zh shown in Figure 8 and rescaling the gradients by the common factor 2E2

cm�0

25

SILH basis Warsaw-like basis

W&Y
O2W = (DµWµ⌫,a)2 O0

2W = Ja,µ
L Ja

L,µ Ja,µ
L = 1

2

P
f f̄�

µ�af

O2B = (@µBµ⌫)2 O0

2B = Jµ
Y JY,µ Jµ

Y =
P

f Yf f̄�
µf

Di-boson

OW =
ig

2
(H†�a !D µH)D⌫W a

µ⌫ O0

W =
g2

4
(H†i
 !
Dµ�aH)(L̄L�µ�aLL)

OB =
ig0

2
(H†
 !
DµH)@⌫Bµ⌫ O0

B=�g02

4
(H†i
 !
DµH)(̄LL�µLL)

�g02

2
(H†i
 !
DµH)(l̄R�µlR)

O(3)
qD = (q̄�µ�aq)

�
D⌫W a

µ⌫

�
O0(3)

qD = (q̄�µ�aq) Ja
L,µ

3rd family O(1)
qD = (q̄�µq) (@⌫Bµ⌫) O0(1)

qD = (q̄�µ�aq) JY,µ

OtD = (t̄�µt) (@⌫Bµ⌫) O0

tD = (t̄�µ�at) JY,µ

Table 2: The operators under consideration in their “SILH” [73] form and, after using the
equations of motion, expressed as a linear combination of Warsaw [74] operators. Yf is the
hypercharge of the fermionic field f . In the operators involving the 3rd family the fields t and q
denote respectively the right-handed and left-handed top quark.

Process N (Ex) N (S-I) E↵. O0

2W O0

2B O0

W O0

B O0(3)
qD O0(1)

qD O0

uD

e+ e� 6794 9088 100% X X
e⌫e — 2305 100% X X

µ+ µ� 206402 254388 100% X X
µ ⌫µ — 93010 100% X X
⌧+ ⌧� 6794 9088 25% X X
⌧⌫⌧ — 2305 50% X X

jj (Nt) 19205 25725 100% X X
jj (Ch) — 5653 100% X X

c c̄ 9656 12775 25% X X
cj — 5653 50% X X
b b̄ 4573 6273 64% X X X X
t t̄ 9771 11891 5% X X X X X
b t — 5713 57% X X X X X
Z0h 680 858 26% X X

W+
0 W�

0 1200 1456 44% X X
W+

T W�

T 2775 5027 44%

W±h — 506 19% X X
W±

0 Z0 — 399 23% X X
W±

T ZT — 2345 23%

Table 3: The exclusive and semi-inclusive processes employed for the sensitivity projections.
The operators that give a growing-with-energy contribution to each operator are labeled with a
check mark. The expected number of events (before e�ciencies) is for Ecm = 10 TeV with the
integrated luminosity (35). 21

SILH basis Warsaw-like basis

W&Y
O2W = (DµWµ⌫,a)2 O0

2W = Ja,µ
L Ja

L,µ Ja,µ
L = 1

2

P
f f̄�

µ�af

O2B = (@µBµ⌫)2 O0

2B = Jµ
Y JY,µ Jµ

Y =
P

f Yf f̄�
µf

Di-boson

OW =
ig

2
(H†�a !D µH)D⌫W a

µ⌫ O0

W =
g2

4
(H†i
 !
Dµ�aH)(L̄L�µ�aLL)

OB =
ig0

2
(H†
 !
DµH)@⌫Bµ⌫ O0

B=�g02

4
(H†i
 !
DµH)(̄LL�µLL)

�g02

2
(H†i
 !
DµH)(l̄R�µlR)

O(3)
qD = (q̄�µ�aq)

�
D⌫W a

µ⌫

�
O0(3)

qD = (q̄�µ�aq) Ja
L,µ

3rd family O(1)
qD = (q̄�µq) (@⌫Bµ⌫) O0(1)

qD = (q̄�µ�aq) JY,µ

OtD = (t̄�µt) (@⌫Bµ⌫) O0

tD = (t̄�µ�at) JY,µ

Table 2: The operators under consideration in their “SILH” [73] form and, after using the
equations of motion, expressed as a linear combination of Warsaw [74] operators. Yf is the
hypercharge of the fermionic field f . In the operators involving the 3rd family the fields t and q
denote respectively the right-handed and left-handed top quark.

Process N (Ex) N (S-I) E↵. O0

2W O0

2B O0

W O0

B O0(3)
qD O0(1)

qD O0

uD

e+ e� 6794 9088 100% X X
e⌫e — 2305 100% X X

µ+ µ� 206402 254388 100% X X
µ ⌫µ — 93010 100% X X
⌧+ ⌧� 6794 9088 25% X X
⌧⌫⌧ — 2305 50% X X

jj (Nt) 19205 25725 100% X X
jj (Ch) — 5653 100% X X

c c̄ 9656 12775 25% X X
cj — 5653 50% X X
b b̄ 4573 6273 64% X X X X
t t̄ 9771 11891 5% X X X X X
b t — 5713 57% X X X X X
Z0h 680 858 26% X X

W+
0 W�

0 1200 1456 44% X X
W+

T W�

T 2775 5027 44%

W±h — 506 19% X X
W±

0 Z0 — 399 23% X X
W±

T ZT — 2345 23%

Table 3: The exclusive and semi-inclusive processes employed for the sensitivity projections.
The operators that give a growing-with-energy contribution to each operator are labeled with a
check mark. The expected number of events (before e�ciencies) is for Ecm = 10 TeV with the
integrated luminosity (35). 21

SILH basis Warsaw-like basis

W&Y
O2W = (DµWµ⌫,a)2 O0

2W = Ja,µ
L Ja

L,µ Ja,µ
L = 1

2

P
f f̄�

µ�af

O2B = (@µBµ⌫)2 O0

2B = Jµ
Y JY,µ Jµ

Y =
P

f Yf f̄�
µf

Di-boson

OW =
ig

2
(H†�a !D µH)D⌫W a

µ⌫ O0

W =
g2

4
(H†i
 !
Dµ�aH)(L̄L�µ�aLL)

OB =
ig0

2
(H†
 !
DµH)@⌫Bµ⌫ O0

B=�g02

4
(H†i
 !
DµH)(̄LL�µLL)

�g02

2
(H†i
 !
DµH)(l̄R�µlR)

O(3)
qD = (q̄�µ�aq)

�
D⌫W a

µ⌫

�
O0(3)

qD = (q̄�µ�aq) Ja
L,µ

3rd family O(1)
qD = (q̄�µq) (@⌫Bµ⌫) O0(1)

qD = (q̄�µ�aq) JY,µ

OtD = (t̄�µt) (@⌫Bµ⌫) O0

tD = (t̄�µ�at) JY,µ

Table 2: The operators under consideration in their “SILH” [73] form and, after using the
equations of motion, expressed as a linear combination of Warsaw [74] operators. Yf is the
hypercharge of the fermionic field f . In the operators involving the 3rd family the fields t and q
denote respectively the right-handed and left-handed top quark.

Process N (Ex) N (S-I) E↵. O0

2W O0

2B O0

W O0

B O0(3)
qD O0(1)

qD O0

uD

e+ e� 6794 9088 100% X X
e⌫e — 2305 100% X X

µ+ µ� 206402 254388 100% X X
µ ⌫µ — 93010 100% X X
⌧+ ⌧� 6794 9088 25% X X
⌧⌫⌧ — 2305 50% X X

jj (Nt) 19205 25725 100% X X
jj (Ch) — 5653 100% X X

c c̄ 9656 12775 25% X X
cj — 5653 50% X X
b b̄ 4573 6273 64% X X X X
t t̄ 9771 11891 5% X X X X X
b t — 5713 57% X X X X X
Z0h 680 858 26% X X

W+
0 W�

0 1200 1456 44% X X
W+

T W�

T 2775 5027 44%

W±h — 506 19% X X
W±

0 Z0 — 399 23% X X
W±

T ZT — 2345 23%

Table 3: The exclusive and semi-inclusive processes employed for the sensitivity projections.
The operators that give a growing-with-energy contribution to each operator are labeled with a
check mark. The expected number of events (before e�ciencies) is for Ecm = 10 TeV with the
integrated luminosity (35). 21

SILH basis Warsaw-like basis

W&Y
O2W = (DµWµ⌫,a)2 O0

2W = Ja,µ
L Ja

L,µ Ja,µ
L = 1

2

P
f f̄�

µ�af

O2B = (@µBµ⌫)2 O0

2B = Jµ
Y JY,µ Jµ

Y =
P

f Yf f̄�
µf

Di-boson

OW =
ig

2
(H†�a !D µH)D⌫W a

µ⌫ O0

W =
g2

4
(H†i
 !
Dµ�aH)(L̄L�µ�aLL)

OB =
ig0

2
(H†
 !
DµH)@⌫Bµ⌫ O0

B=�g02

4
(H†i
 !
DµH)(̄LL�µLL)

�g02

2
(H†i
 !
DµH)(l̄R�µlR)

O(3)
qD = (q̄�µ�aq)

�
D⌫W a

µ⌫

�
O0(3)

qD = (q̄�µ�aq) Ja
L,µ

3rd family O(1)
qD = (q̄�µq) (@⌫Bµ⌫) O0(1)

qD = (q̄�µ�aq) JY,µ

OtD = (t̄�µt) (@⌫Bµ⌫) O0

tD = (t̄�µ�at) JY,µ

Table 2: The operators under consideration in their “SILH” [73] form and, after using the
equations of motion, expressed as a linear combination of Warsaw [74] operators. Yf is the
hypercharge of the fermionic field f . In the operators involving the 3rd family the fields t and q
denote respectively the right-handed and left-handed top quark.

Process N (Ex) N (S-I) E↵. O0

2W O0

2B O0

W O0

B O0(3)
qD O0(1)

qD O0

uD

e+ e� 6794 9088 100% X X
e⌫e — 2305 100% X X

µ+ µ� 206402 254388 100% X X
µ ⌫µ — 93010 100% X X
⌧+ ⌧� 6794 9088 25% X X
⌧⌫⌧ — 2305 50% X X

jj (Nt) 19205 25725 100% X X
jj (Ch) — 5653 100% X X

c c̄ 9656 12775 25% X X
cj — 5653 50% X X
b b̄ 4573 6273 64% X X X X
t t̄ 9771 11891 5% X X X X X
b t — 5713 57% X X X X X
Z0h 680 858 26% X X

W+
0 W�

0 1200 1456 44% X X
W+

T W�

T 2775 5027 44%

W±h — 506 19% X X
W±

0 Z0 — 399 23% X X
W±

T ZT — 2345 23%

Table 3: The exclusive and semi-inclusive processes employed for the sensitivity projections.
The operators that give a growing-with-energy contribution to each operator are labeled with a
check mark. The expected number of events (before e�ciencies) is for Ecm = 10 TeV with the
integrated luminosity (35). 21

                                                  
Induce VHff operators:  

Contribution to cross section                

M� ⇠ 10 MeV � 10 TeV

M� < 100 TeV

�O
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⇤2

�O
O

��
L6

⇠ E2

⇤2

�L(sL) = 1
sL
[ŝ�̂]L (3)

�H(E, sH) = 1
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R 1

E2/sH
d⌧
⌧

dL
d⌧

[ŝ�̂]H (4)

�L(sL) = �H(
p
sL, sH) (5)

2

For the Snowmass the 3 & 10 TeV options were considered and these results were 
combined with the inputs from Higgs physics

S. Chen et al. , JHEP 05 (2022) 180

Snowmass SMEFT studies: High-E µ+µ- colliders

+…

+…

+…

+…
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• Muon colliders: SMEFT effects in high-E processes

Snowmass SMEFT studies
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J. B. et al. , arXiv: 2203.07261 [hep-ph]
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Fig. 3: Global fit to the EFT operators in the Lagrangian (3). We show the marginalized 68% probability
reach for each Wilson coefficient ci/⇤

2 in Eq. (3) from the global fit (solid bars). The reach of the
vertical “T” lines indicate the results assuming only the corresponding operator is generated by the new
physics.

it should be noted that all projections included here correspond to the case where the muon collider382

beams are unpolarized. The presence of polarization could bring extra information, i.e. allow to test383

extra directions in the SMEFT parameter space, as it basically doubles the number of observables, e.g.384

solving flat directions that appear in unpolarized observables due to cancellations (see e.g. [80, 81]).385

In particular, as explained in [5], it would benefit the reach of the OW,B operators from the diboson386

high-energy measurements.387

3.1 Interpretation in terms of BSM benchmark scenarios388

For the case of composite Higgs scenarios we assume the new dynamics is parameterized in terms of389

a single coupling, g?, and mass, m?. As in [58], we use the following illustrative assumptions for the390

power counting and contributions of the new physics to the different Wilson coefficients in (3):391
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• Muon colliders: SMEFT effects in high-E processes

Snowmass SMEFT studies
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J. B. et al. , arXiv: 2203.07261 [hep-ph]

Table 8. Sensitivity at 68% probability to deviations in the different effective EW couplings from a global fit to the
projections available at each future collider project. Results obtained for the Global SMEFT fit benchmark denoted as
SMEFTND in the text. The numbers for all future colliders are shown in combination with the HL-LHC results. The results for
ILC and CLIC are shown without a dedicated Giga-Z run. Appendix F includes the results with a Giga-Z run in Table 34.

HL-LHC +
HL-LHC LHeC HE-LHC ILC CLIC CEPC FCC-ee FCC-ee/eh/hh

S2 S02 250 500 1000 380 1500 3000 240 365

gne
L [%] 1.3 0.97 1.3 1.2 0.082 0.048 0.043 0.027 0.013 0.011 0.032 0.028 0.028 0.028

gnµ
L [%] 1.2 1.2 1.2 1.2 0.11 0.088 0.085 0.16 0.14 0.14 0.036 0.03 0.03 0.03

gnt
L [%] 1.6 1.4 1.6 1.5 0.12 0.095 0.092 0.16 0.14 0.14 0.038 0.034 0.034 0.033

ge
L[%] 0.08 0.079 0.079 0.079 0.048 0.037 0.035 0.035 0.022 0.02 0.014 0.0095 0.0073 0.0072

ge
R[%] 0.098 0.098 0.098 0.098 0.055 0.041 0.037 0.047 0.035 0.031 0.016 0.0097 0.0089 0.0088

gµ
L [%] 0.39 0.39 0.39 0.39 0.072 0.07 0.069 0.17 0.17 0.17 0.031 0.0094 0.007 0.007

gµ
R [%] 0.61 0.6 0.6 0.6 0.09 0.087 0.087 0.24 0.24 0.24 0.047 0.0099 0.0092 0.0091

gt
L[%] 0.2 0.2 0.2 0.2 0.076 0.073 0.073 0.17 0.17 0.17 0.016 0.0099 0.0076 0.0076

gt
R[%] 0.29 0.29 0.29 0.29 0.094 0.091 0.091 0.24 0.24 0.24 0.018 0.01 0.0094 0.0094

gu=c
L [%] 0.97 0.96 0.95 0.95 0.24 0.23 0.23 0.26 0.26 0.26 0.051 0.05 0.05 0.047

gu=c
R [%] 3.6 3.6 3.5 3.5 0.35 0.35 0.35 0.43 0.44 0.43 0.08 0.066 0.066 0.064
gt

L[%] 11. 11. 11. 11. 11. 0.84 0.78 2.4 0.65 0.52 11. 11. 1.5 1.3
gt

R[%] � � � � � 2. 1.9 6. 1.6 1.7 � � 3.5 3.1

gd=s
L [%] 0.88 0.81 0.77 0.75 0.23 0.21 0.21 0.25 0.24 0.24 0.056 0.051 0.051 0.047

gd=s
R [%] 27. 25. 23. 22. 4.8 3.9 3.8 5.9 5.3 5.1 1.4 1.1 1.1 1.
gb

L[%] 0.35 0.35 0.35 0.35 0.071 0.068 0.067 0.13 0.13 0.13 0.017 0.011 0.011 0.011
gb

R[%] 11. 11. 11. 11. 0.51 0.51 0.51 3. 3. 3. 0.29 0.088 0.088 0.087

typically constrained along the H ! gg direction with better precision than the one obtained for Oyu from the corresponding
ttH process at the different colliders.

For those operators whose effects are mainly constrained by Higgs observables, e.g. Of and Oy f , the evolution of the
results in the table follows essentially the same pattern as in the discussion of the Higgs coupling results of the SMEFT fit.
Likewise, similar considerations must be taken into account when comparing the results across colliders, in particular regarding
the dependence of the HE-LHC results on the assumptions of the reduction of the theory/systematic uncertainties, which
control most of the improvement with respect to HL-LHC. (See comment on the S20 assumptions in Section 2.) Also regarding
the results at high luminosity/energy upgrades of the LHC, some of the numbers in Table 9, namely those involving a single
operator fit to cf , may look surprising, given that the projections for most Higgs observables at such machines are expected to
be dominated by the theory/systematic uncertainties. These results are marked with a † in the table. For instance, the HL-LHC
result corresponds to a precision in an overall Higgs coupling modification at the level of 0.8%. This is below the dominant
signal theory uncertainties assumed in the HL-LHC S2 hypothesis. As explained in Section 2, this is a consequence of the
assumptions in the treatment of theory/systematic uncertainties in the simplified set of inputs used in this report for the HL-LHC
fits. A rough estimate of the bound that would result from assuming 100% correlated signal theory uncertainties would return,
for the same case, cf /L2 ⇠ 0.42 TeV�2, illustrating the impact of the choice of assumption in the treatment of these theory
systematics. Given the implications of these bounds in terms of constraining BSM scenarios (as will be illustrated below, cf
sets some of the most important constraints in composite Higgs models), this is an issue that should be carefully studied at
hadron colliders, as it will become (even more) relevant at the end of the HL-LHC era. There is another caveat affecting the
results presented in the Table 9 that concerns the HE-LHC limits for c2B and c2W , also marked with a †. In this case, the reaches
for c2B and c2W , which can be mapped into the W and Y oblique parameters, are limited by the lack of constraints from the
charged current channel at HE-LHC since no projections were provided at this time. The charged current channel is sensitive to
the W parameter and, via its correlation with Y , can also affect the results for the latter in the global fit.

A meaningful interpretation of these results in terms of a broad class of composite Higgs models can be obtained under the
assumptions leading to the dependence of the Wilson coefficients on new physics coupling, g?, and mass, m?, described in
Eq. (20) and below (i.e. we assume cg,g and cfV,3V are loop suppressed in yt and g?, respectively). In Figure 7 we translate
the results of the fit in Figure 6 in terms of the 95% probability constraints in the (g?,m?) plane under such assumptions, and
setting all O(1) coefficients exactly to 1, i.e.
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Fig. 4: (Left) Comparison of the global reach for universal composite Higgs models at the HL-LHC
and a high-energy muon collider (combined with the HL-LHC constraints). The figure compares the 2-�
exclusion regions in the (g?,m?) plane from the fit presented in Figure 3, using the SILH power-counting
described in Eq. (4) (Right) The same for a BSM extension with a massive replica of the U(1)Y gauge
boson in the (g

Z
0 ,m

Z
0) plane from the fit presented in Figure 3.

and projecting the EFT likelihood onto the (g?,m?) plane we obtain the exclusion regions in the right392

panel in Figure 4 for the different muon collider options, combined and in comparison with the HL-LHC393

reach. We also show the results interpreted in terms of extra vector bosons, using as a representative394

example the case of a universal Z 0 coupling to the hypercharge current, also considered in [59]. In395

this case the dimension-6 effective Lagrangian only receives tree-level contributions to the operator with396

coefficient c2B/⇤
2
= (g2

Z
0/g0 4)/M2

Z
0 . The corresponding indirect constraints in the (g

Z
0 ,M

Z
0) plane397

are shown in the left panel of Figure 4.398

Fig. 5: (Left) 2-� exclusion regions in the (g?,m?) plane from the fit presented in Figure 3, using the
SILH power-counting described in Eq. (4) and below (solid regions). The solid and dashed lines denote
the contributions to the constraints from different processes. The results correspond to the combination
of the HL-LHC with the 3 TeV muon collider. (Right) The same for the 10 TeV muon collider.

Whereas the bounds on the Z 0 example considered here are going to be clearly dominated by the399

high-energy measurements of µ+µ�
! ff̄ and the induced constraints on the Y parameter, the situa-400

tion is more complex for the case of a composite Higgs scenario. The contributions from the different401

processes in setting the limits are shown separately in Figure 5. This highlights the complementarity of402

the different processes, with the diboson constraints setting the overall mass reach indepedendtly of g?,403

extended for low (high) values of g? by the difermion (Higgs) bounds. Going back to Figure 4, it is clear404
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Summary and Conclusions
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• Starting from the ESU studies, we updated and extended the projections for 
sensitivity to BSM deformations at future colliders in the SMEFT formalism

• Focusing on the EW/Higgs sector and in the legacy of HL-LHC measurements:

✓ Sensitivity to modifications of coupling entering in rare Higgs decays will be 
controlled by HL-LHC limits

✓ Studied the determination of the Top Yukawa in a global manner, including all 
relevant operators for ttH in a global Top fit (See V. Miralle’s talk):

‣ Many operators (4-fermion, dipoles) but the fit closes

‣ Need e+e- above ttH threshold to surpass the HL-LHC sensitivity to Top 
Yukawa

✓ The use of HL-LHC electroweak observables helps to separate BSM 
contributions to EW couplings of the 1st two quark families

✓ Not discussed (but also relevant): HL-LHC also the natural place to test 
interactions such 4-light-quark operators

• For e+e- machines ⇒ See M. Peskin’s talk
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Summary and Conclusions
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• On high-Energy muon colliders:

✓ High-Energy allows precise measurements of Higgs couplings as well as to 
significantly increase the sensitivity to several operators whose effects grow 
with energy in 2→2 processes

✓ Important complementarity with e+e- factories:

‣ Electroweak precision measurements

‣ Higgs width

• Still some work to be done before the final report:
✓ Studying impact of SM theory uncertainties
✓ Refining optimal observable analysis in e+e-→W+W- (detect effects, sys, … )

✓ Sensitivity to Higgs self-coupling (via loop effects)
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• Thanks to all the members of this SMEFT fit task force who, since November 
2020 have been preparing this study and, for now more than one year, have 
coordinated across the globe to meet weekly and complete this work
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Not easy to find a time that works well for all for our regular meetings…

Seattle Summer Study Meeting 2022 - Higgs/EW Fit: From the HL-LHC to μ+ μ- colliders 
July 21, 2022



2021 - EF04 Topical Group Community Meeting 

June 4, 2020
39

Backup Slides

Jorge de Blas 
University of Granada

Seattle Summer Study Meeting 2022 - Higgs/EW Fit: From the HL-LHC to μ+ μ- colliders 
July 21, 2022



40Jorge de Blas 
University of Granada

Global SMEFT analyses

• The Goal: combine inputs from the different EF to obtain a global SMEFT fit which 
can be used to learn from BSM scenarios

SM ⊂ EFT
Assumptions 
SMEFT/HEFT 
Dim 6, 8, … 

Flavor Struct. 
LO, NLO 

…

UV theory/BSM

M
at

ch
in

g

Limits on NP?

High Energy

Λ

R
G

E

Signal of NP?

Correlations

Pattern? Can we learn something?

Low Energy

Phenomenology Constraints

Higgs

Top

EW

…Flavor

SMEFT
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Snowmass SMEFT fit inputs

• Gauge invariant operators included in the EW/Higgs fit:

41Jorge de Blas 
University of Granada 41

Table 6. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:
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µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
�
l̄1gµ l2

��
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�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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Rgµ u j
R)

�
Ofu

�
i j (f †i

$
Dµ f)(d̄i

Rgµ d j
R)

�
Ofd

�
i j

(f̃ †iDµ f)(ūi
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– Higgs trilinear:

DL
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The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 4.

– Higgs couplings to vector bosons:
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:
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cw⇤ =
1

g2�g0 2
⇥
g2cz⇤ +g0 2czz� e2 sin2 qwcgg � (g2�g0 2)sin2 qwczg

⇤
,

cg⇤ =
1

g2�g0 2
⇥
2g2cz⇤ +(g2 +g0 2)czz� e2cgg � (g2�g0 2)czg
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14/75

(←To be added in the discussion of the H self coupling)
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Snowmass SMEFT fit inputs

• Electroweak precision observables

42Jorge de Blas 
University of Granada 42

Quantity current ILC250 ILC-GigaZ FCC-ee CEPC CLIC380

�↵(mZ)�1 (⇥103) 17.8⇤ 17.8⇤ 3.8 (1.2) 17.8⇤

�mW (MeV) 12⇤ 0.5 (2.4) 0.25 (0.3) 0.35 (0.3)

�mZ (MeV) 2.1⇤ 0.7 (0.2) 0.2 0.004 (0.1) 0.005 (0.1) 2.1⇤

�mH (MeV) 170⇤ 14 2.5 (2) 5.9 78

��W (MeV) 42⇤ 2 1.2 (0.3) 1.8 (0.9)

��Z (MeV) 2.3⇤ 1.5 (0.2) 0.12 0.004 (0.025) 0.005 (0.025) 2.3⇤

�Ae (⇥105) 190⇤ 14 (4.5) 1.5 (8) 0.7 (2) 1.5 64

�Aµ (⇥105) 1500⇤ 82 (4.5) 3 (8) 2.3 (2.2) 3.0 (1.8) 400

�A⌧ (⇥105) 400⇤ 86 (4.5) 3 (8) 0.5 (20) 1.2 (6.9) 570

�Ab (⇥105) 2000⇤ 53 (35) 9 (50) 2.4 (21) 3 (21) 380

�Ac (⇥105) 2700⇤ 140 (25) 20 (37) 20 (15) 6 (30) 200

��0
had (pb) 37⇤ 0.035 (4) 0.05 (2) 37⇤

�Re (⇥103) 2.4⇤ 0.5 (1.0) 0.2 (0.5) 0.004 (0.3) 0.003 (0.2) 2.7

�Rµ (⇥103) 1.6⇤ 0.5 (1.0) 0.2 (0.2) 0.003 (0.05) 0.003 (0.1) 2.7

�R⌧ (⇥103) 2.2⇤ 0.6 (1.0) 0.2 (0.4) 0.003 (0.1) 0.003 (0.1) 6

�Rb (⇥103) 3.0⇤ 0.4 (1.0) 0.04 (0.7) 0.0014 (< 0.3) 0.005 (0.2) 1.8

�Rc(⇥103) 17⇤ 0.6 (5.0) 0.2 (3.0) 0.015 (1.5) 0.02 (1) 5.6

Table 3: EWPOs at future e
+
e
�: statistical error (experimental systematic error). �

(�) stands for absolute (relative) uncertainty, while * indicates inputs taken from current
data [21]. See Refs. [9, 15, 18,22–24].

that the list of input observables directly provided by collaborations is not complete.
Whenever that happens we try to fill out the missing inputs by extrapolations. This
further helps isolate out certain baises in the comparison. One such example which
plays a quantitatively important role is the branching ratio of H ! �Z.

4.3 Top-quark measurements

Input observables related to top-quark sector are explained in Sec. 8.
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Snowmass SMEFT fit inputs

• Higgs observables: HL-LHC

43Jorge de Blas 
University of Granada 43

HL-LHC 3 ab�1 ATLAS+CMS

Prod. ggH VBF WH ZH ttH

� - - - - -

� ⇥ BRbb 19.1 - 8.3 4.6 10.7

� ⇥ BRcc - - - - -

� ⇥ BRgg - - - - -

� ⇥ BRZZ 2.5 9.5 32.1 58.3 15.2

� ⇥ BRWW 2.5 5.5 9.9 12.8 6.6

� ⇥ BR⌧⌧ 4.5 3.9 - - 10.2

� ⇥ BR�� 2.5 7.9 9.9 13.2 5.9

� ⇥ BR�Z 24.4 51.2 - - -

� ⇥ BRµµ 11.1 30.7 - - -

� ⇥ BRinv. - 2.5 - - -

�mH 10-20 MeV - - - -

Table 4: Projected uncertainties of Higgs observables at HL-LHC: numbers by default in
%. JB: I fixed the entry for ttH bb (before it said 10.2 but it’s 10.7)

ILC250 0.9ab�1 (-0.8,+0.3) 0.9ab�1 (+0.8,-0.3)

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 1.07 - 1.07 -

� ⇥ BRbb 0.714 4.27 0.714 17.4

� ⇥ BRcc 4.38 - 4.38 -

� ⇥ BRgg 3.69 - 3.69 -

� ⇥ BRZZ 9.49 - 9.49 -

� ⇥ BRWW 2.43 - 2.43 -

� ⇥ BR⌧⌧ 1.7 - 1.7 -

� ⇥ BR�� 17.9 - 17.9 -

� ⇥ BR�Z 63 - 59 -

� ⇥ BRµµ 37.9 - 37.9 -

� ⇥ BRinv. 0.336 - 0.277 -

Table 5: Projected uncertainties of Higgs observables at ILC250: numbers by default in %.
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Snowmass SMEFT fit inputs

• Higgs observables: Circular e+e- Colliders (FCCee/CEPC)
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FCCee240 5ab�1 CEPC240 20ab�1

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 0.5(0.537) - 0.26 -

� ⇥ BRbb 0.3(0.380) 3.1(2.78) 0.14 1.59

� ⇥ BRcc 2.2(2.08) - 2.02 -

� ⇥ BRgg 1.9(1.75) - 0.81 -

� ⇥ BRZZ 4.4(4.49) - 4.17 -

� ⇥ BRWW 1.2(1.16) - 0.53 -

� ⇥ BR⌧⌧ 0.9(0.822) - 0.42 -

� ⇥ BR�� 9(8.47) - 3.02 -

� ⇥ BR�Z (17⇤) - 8.5 -

� ⇥ BRµµ 19(17.9) - 6.36 -

� ⇥ BRinv. 0.3(0.226) - 0.07 -

Table 6: Projected uncertainties of Higgs observables at FCCee240 and CEPC240: numbers
by default in %.

CLIC380 0.5 ab�1 (-0.8,0) 0.5 ab�1 (+0.8,0)

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 1.5(1.43) - 1.8(1.43) -

� ⇥ BRbb 0.81(1.2) 1.4(1.47) 0.92(1.2) 4.1(4.4)

� ⇥ BRcc 13(8.7) 19(15.3) 15(8.7) 24(46)

� ⇥ BRgg 5.7(6.6) 3.3(6.2) 6.5(6.6) 20(18.8)

� ⇥ BRZZ (19.7) (16.1) (19.7) (46)

� ⇥ BRWW 5.1(4.4) (4.6) (4.4) (14)

� ⇥ BR⌧⌧ 5.9(3.2) (12.9) 6.6(3.2) (39)

� ⇥ BR�� (31) (36) (31) (108)

� ⇥ BRµµ (69) (129) (69) (129)

� ⇥ BRinv. 0.57(0.68) - 0.64(0.64) -

Table 7: Projected uncertainties of Higgs observables at CLIC380: numbers by default in
%; numbers in parentheses are extrapolated from ILC350.
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ILC350 0.135 ab�1 (-0.8,+0.3) 0.045 ab�1 (+0.8,-0.3)

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 2.46 - 4.3 -

� ⇥ BRbb 2.05 2.46 3.5 17.7

� ⇥ BRcc 15 25.9 25.9 186

� ⇥ BRgg 11.4 10.5 19.8 75

� ⇥ BRZZ 34 27.2 59 191

� ⇥ BRWW 7.6 7.8 13.2 57

� ⇥ BR⌧⌧ 5.5 21.8 9.4 156

� ⇥ BR�� 53 61 92 424

� ⇥ BRµµ 118 218 205 1580

� ⇥ BRinv. 1.15 - 1.83 -

Table 8: Projected uncertainties of Higgs observables at ILC350: numbers by default in %.

1.5 ab�1 FCC-ee365 1.0 ab�1 CEPC360

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 0.9(0.84) - 1.4(1.02) -

� ⇥ BRbb 0.5(0.71) 0.9(1.14) 0.90(0.86) 1.1(1.39)

� ⇥ BRcc 6.5(5.0) 10(11.9) 8.8(6.1) 16(14.5)

� ⇥ BRgg 3.5(3.8) 4.5(4.8) 3.4(4.7) 4.5(5.9)

� ⇥ BRZZ 12(11.4) 10(12.5) 20(13.9) 21(15.3)

� ⇥ BRWW 2.6(2.55) (3.6) 2.8(3.12) 4.4(4.4)

� ⇥ BR⌧⌧ 1.8(1.83) 8(10) 2.1(2.24) 4.2(12.2)

� ⇥ BR�� 18(17.7) 22(28.1) 11(21.7) 16(34.4)

� ⇥ BRµµ 40(40) (100) 41(48) 57(123)

� ⇥ BRinv. 0.60(0.42) - (0.49) -

Table 9: Projected uncertainties of Higgs observables at FCC-ee365 and CEPC360: numbers
by default in %; numbers in parentheses are extrapolated from ILC350.
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Snowmass SMEFT fit inputs

• Higgs observables: Linear e+e- Colliders (ILC)

45Jorge de Blas 
University of Granada 45

HL-LHC 3 ab�1 ATLAS+CMS

Prod. ggH VBF WH ZH ttH

� - - - - -

� ⇥ BRbb 19.1 - 8.3 4.6 10.7

� ⇥ BRcc - - - - -

� ⇥ BRgg - - - - -

� ⇥ BRZZ 2.5 9.5 32.1 58.3 15.2

� ⇥ BRWW 2.5 5.5 9.9 12.8 6.6

� ⇥ BR⌧⌧ 4.5 3.9 - - 10.2

� ⇥ BR�� 2.5 7.9 9.9 13.2 5.9

� ⇥ BR�Z 24.4 51.2 - - -

� ⇥ BRµµ 11.1 30.7 - - -

� ⇥ BRinv. - 2.5 - - -

�mH 10-20 MeV - - - -

Table 4: Projected uncertainties of Higgs observables at HL-LHC: numbers by default in
%. JB: I fixed the entry for ttH bb (before it said 10.2 but it’s 10.7)

ILC250 0.9ab�1 (-0.8,+0.3) 0.9ab�1 (+0.8,-0.3)

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 1.07 - 1.07 -

� ⇥ BRbb 0.714 4.27 0.714 17.4

� ⇥ BRcc 4.38 - 4.38 -

� ⇥ BRgg 3.69 - 3.69 -

� ⇥ BRZZ 9.49 - 9.49 -

� ⇥ BRWW 2.43 - 2.43 -

� ⇥ BR⌧⌧ 1.7 - 1.7 -

� ⇥ BR�� 17.9 - 17.9 -

� ⇥ BR�Z 63 - 59 -

� ⇥ BRµµ 37.9 - 37.9 -

� ⇥ BRinv. 0.336 - 0.277 -

Table 5: Projected uncertainties of Higgs observables at ILC250: numbers by default in %.
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ILC350 0.135 ab�1 (-0.8,+0.3) 0.045 ab�1 (+0.8,-0.3)

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 2.46 - 4.3 -

� ⇥ BRbb 2.05 2.46 3.5 17.7

� ⇥ BRcc 15 25.9 25.9 186

� ⇥ BRgg 11.4 10.5 19.8 75

� ⇥ BRZZ 34 27.2 59 191

� ⇥ BRWW 7.6 7.8 13.2 57

� ⇥ BR⌧⌧ 5.5 21.8 9.4 156

� ⇥ BR�� 53 61 92 424

� ⇥ BRµµ 118 218 205 1580

� ⇥ BRinv. 1.15 - 1.83 -

Table 8: Projected uncertainties of Higgs observables at ILC350: numbers by default in %.

1.5 ab�1 FCC-ee365 1.0 ab�1 CEPC360

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 0.9(0.84) - 1.4(1.02) -

� ⇥ BRbb 0.5(0.71) 0.9(1.14) 0.90(0.86) 1.1(1.39)

� ⇥ BRcc 6.5(5.0) 10(11.9) 8.8(6.1) 16(14.5)

� ⇥ BRgg 3.5(3.8) 4.5(4.8) 3.4(4.7) 4.5(5.9)

� ⇥ BRZZ 12(11.4) 10(12.5) 20(13.9) 21(15.3)

� ⇥ BRWW 2.6(2.55) (3.6) 2.8(3.12) 4.4(4.4)

� ⇥ BR⌧⌧ 1.8(1.83) 8(10) 2.1(2.24) 4.2(12.2)

� ⇥ BR�� 18(17.7) 22(28.1) 11(21.7) 16(34.4)

� ⇥ BRµµ 40(40) (100) 41(48) 57(123)

� ⇥ BRinv. 0.60(0.42) - (0.49) -

Table 9: Projected uncertainties of Higgs observables at FCC-ee365 and CEPC360: numbers
by default in %; numbers in parentheses are extrapolated from ILC350.
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ILC500 1.6 ab�1 (-0.8,+0.3) 1.6 ab�1 (+0.8,-0.3)

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 1.67 - 1.67 -

� ⇥ BRbb 1.01 0.42 1.01 1.52

� ⇥ BRcc 7.1 3.48 7.1 14.2

� ⇥ BRgg 5.9 2.3 5.9 9.5

� ⇥ BRZZ 13.8 4.8 13.8 19

� ⇥ BRWW 3.1 1.36 3.1 5.5

� ⇥ BR⌧⌧ 2.42 3.9 2.42 15.8

� ⇥ BR�� 18.6 10.7 18.6 44

� ⇥ BRµµ 47 40 47 166

� ⇥ BRinv. 0.83 - 0.60 -

Table 10: Projected uncertainties of Higgs observables at ILC500: numbers by default in
%.

ILC1000 3.2 ab�1 (-0.8,+0.2) 3.2 ab�1 (+0.8,-0.2)

Prod. ⌫⌫H ⌫⌫H

� ⇥ BRbb 0.32 1.0

� ⇥ BRcc 1.7 6.4

� ⇥ BRgg 1.3 4.7

� ⇥ BRZZ 2.3 8.4

� ⇥ BRWW 0.91 3.3

� ⇥ BR⌧⌧ 1.7 6.4

� ⇥ BR�� 4.8 17

� ⇥ BRµµ 17 64

Table 11: Projected uncertainties of Higgs observables at ILC1000: numbers by default in
%.
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ILC500 1.6 ab�1 (-0.8,+0.3) 1.6 ab�1 (+0.8,-0.3)

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 1.67 - 1.67 -

� ⇥ BRbb 1.01 0.42 1.01 1.52

� ⇥ BRcc 7.1 3.48 7.1 14.2

� ⇥ BRgg 5.9 2.3 5.9 9.5

� ⇥ BRZZ 13.8 4.8 13.8 19

� ⇥ BRWW 3.1 1.36 3.1 5.5

� ⇥ BR⌧⌧ 2.42 3.9 2.42 15.8

� ⇥ BR�� 18.6 10.7 18.6 44

� ⇥ BRµµ 47 40 47 166

� ⇥ BRinv. 0.83 - 0.60 -

Table 10: Projected uncertainties of Higgs observables at ILC500: numbers by default in
%.

ILC1000 3.2 ab�1 (-0.8,+0.2) 3.2 ab�1 (+0.8,-0.2)

Prod. ⌫⌫H ⌫⌫H

� ⇥ BRbb 0.32 1.0

� ⇥ BRcc 1.7 6.4

� ⇥ BRgg 1.3 4.7

� ⇥ BRZZ 2.3 8.4

� ⇥ BRWW 0.91 3.3

� ⇥ BR⌧⌧ 1.7 6.4

� ⇥ BR�� 4.8 17

� ⇥ BRµµ 17 64

Table 11: Projected uncertainties of Higgs observables at ILC1000: numbers by default in
%.
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Snowmass SMEFT fit inputs

• Higgs observables: Linear e+e- Colliders (CLIC)
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FCCee240 5ab�1 CEPC240 20ab�1

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 0.5(0.537) - 0.26 -

� ⇥ BRbb 0.3(0.380) 3.1(2.78) 0.14 1.59

� ⇥ BRcc 2.2(2.08) - 2.02 -

� ⇥ BRgg 1.9(1.75) - 0.81 -

� ⇥ BRZZ 4.4(4.49) - 4.17 -

� ⇥ BRWW 1.2(1.16) - 0.53 -

� ⇥ BR⌧⌧ 0.9(0.822) - 0.42 -

� ⇥ BR�� 9(8.47) - 3.02 -

� ⇥ BR�Z (17⇤) - 8.5 -

� ⇥ BRµµ 19(17.9) - 6.36 -

� ⇥ BRinv. 0.3(0.226) - 0.07 -

Table 6: Projected uncertainties of Higgs observables at FCCee240 and CEPC240: numbers
by default in %.

CLIC380 0.5 ab�1 (-0.8,0) 0.5 ab�1 (+0.8,0)

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 1.5(1.43) - 1.8(1.43) -

� ⇥ BRbb 0.81(1.2) 1.4(1.47) 0.92(1.2) 4.1(4.4)

� ⇥ BRcc 13(8.7) 19(15.3) 15(8.7) 24(46)

� ⇥ BRgg 5.7(6.6) 3.3(6.2) 6.5(6.6) 20(18.8)

� ⇥ BRZZ (19.7) (16.1) (19.7) (46)

� ⇥ BRWW 5.1(4.4) (4.6) (4.4) (14)

� ⇥ BR⌧⌧ 5.9(3.2) (12.9) 6.6(3.2) (39)

� ⇥ BR�� (31) (36) (31) (108)

� ⇥ BRµµ (69) (129) (69) (129)

� ⇥ BRinv. 0.57(0.68) - 0.64(0.64) -

Table 7: Projected uncertainties of Higgs observables at CLIC380: numbers by default in
%; numbers in parentheses are extrapolated from ILC350.
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CLIC1500 2 ab�1 (-0.8,0) 0.5 ab�1 (+0.8,0)

Prod. ⌫⌫H ⌫⌫H

� ⇥ BRbb 0.25 1.5

� ⇥ BRcc 3.9 24

� ⇥ BRgg 3.3 20

� ⇥ BRZZ 3.6 22

� ⇥ BRWW 0.67 4.0

� ⇥ BR⌧⌧ 2.8 17

� ⇥ BR�� 10 60

� ⇥ BR�Z 28 170

� ⇥ BRµµ 24 150

Table 12: Projected uncertainties of Higgs observables at CLIC1500: numbers by default
in %.

CLIC3000 4 ab�1 (-0.8,0) 1 ab�1 (+0.8,0)

Prod. ⌫⌫H ⌫⌫H

� ⇥ BRbb 0.17 1.0

� ⇥ BRcc 3.7 22

� ⇥ BRgg 2.3 14

� ⇥ BRZZ 2.1 13

� ⇥ BRWW 0.33 2.0

� ⇥ BR⌧⌧ 2.3 14

� ⇥ BR�� 5.0 30

� ⇥ BR�Z 16 95

� ⇥ BRµµ 13 80

Table 13: Projected uncertainties of Higgs observables at CLIC3000: numbers by default
in %.
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CLIC3000 4 ab�1 (-0.8,0) 1 ab�1 (+0.8,0)

Prod. ⌫⌫H ⌫⌫H

� ⇥ BRbb 0.17 1.0

� ⇥ BRcc 3.7 22

� ⇥ BRgg 2.3 14

� ⇥ BRZZ 2.1 13

� ⇥ BRWW 0.33 2.0

� ⇥ BR⌧⌧ 2.3 14

� ⇥ BR�� 5.0 30

� ⇥ BR�Z 16 95

� ⇥ BRµµ 13 80

Table 13: Projected uncertainties of Higgs observables at CLIC3000: numbers by default
in %.
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Snowmass SMEFT fit inputs

• Higgs observables: Muon Colliders
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MuC3000 3 ab�1

Prod. ⌫⌫H µµH

� ⇥ BRbb 0.8 2.6

� ⇥ BRcc 12 72

� ⇥ BRgg 2.8 14

� ⇥ BRZZ 11 34

� ⇥ BRWW 1.5 7.5

� ⇥ BR⌧⌧ 3.8 21

� ⇥ BR�� 6.4 23

� ⇥ BR�Z 45 -

� ⇥ BRµµ 28 -

Table 14: Projected uncertainties of Higgs observables at 3 TeV muon collider: numbers by
default in %.JB: Updated these with v2 of P. Meade’s paper. Please check.

MuC10000 10 ab�1

Prod. ⌫⌫H µµH

� ⇥ BRbb 0.22 0.77

� ⇥ BRcc 3.6 17

� ⇥ BRgg 0.79 3.3

� ⇥ BRZZ 3.2 11

� ⇥ BRWW 0.40 1.8

� ⇥ BR⌧⌧ 1.1 4.8

� ⇥ BR�� 1.7 4.8

� ⇥ BR�Z 12 -

� ⇥ BRµµ 5.7 -

Table 15: Projected uncertainties of Higgs observables at 10 TeV muon collider: numbers
by default in %.JB: Updated these with v2 of P. Meade’s paper. Please check.
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