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FIG. 1: The Higgs boson as the keystone of the Standard Model is connected to numerous fundamental questions that can be
investigated by studying it in detail.
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I. ABSTRACT

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

II. WHY THE HIGGS IS THE MOST IMPORTANT PARTICLE

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

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

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

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

• The bigs questions:

• Solutions to most of these questions involve BSM physics “talking” to any of the 
sectors of the SM, in particular the Higgs ⇒ Virtual effects in SM observables

• Pushing the precision of SM measurements is a way of learning about new physics 
(indirectly)!

The case for precision physics
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• Looking back at the LEP/SLC legacy: Electroweak precision era
✓ By measuring precisely the properties of the W/Z bosons we learned about 

the Higgs (and Top) before they were discovered…

The case for precision physics
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Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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LHC Higgs WG Yellow report 3: arXiv: 1307.1347 [hep-ph]

ΓH→Z∗Z∗→4f = 3 · ΓH→νeνeνµνµ
+ 3 · ΓH→ee+µµ+ + 9 · ΓH→νeνeµµ

+

+ 3 · ΓH→νeνeνeνe
+ 3 · ΓH→ee+ee+

+ 6 · ΓH→νeνeuu + 9 · ΓH→νeνedd
+ 6 · ΓH→uuee+ + 9 · ΓH→ddee+

+ 1 · ΓH→uucc + 3 · ΓH→ddss + 6 · ΓH→uuss + 2 · ΓH→uuuu

+ 3 · ΓH→dddd ,

ΓWW/ZZ−int. = 3 · ΓH→νee
+eνe − 3 · ΓH→νeνeµµ

+ − 3 · ΓH→νee
+µν̄µ

+ 2 · ΓH→uddu − 2 · ΓH→uuss − 2 · ΓH→udsc .

2.1.2 BR Results for Higgs masses
In this section we provide results for the BRs of the SM Higgs boson, using a particularly fine grid of
mass points close to MH = 126 GeV. The results are generated and presented in complete analogy to
the predictions in Refs. [14], including the error estimates for each BR. In the error estimates, we have
identified and removed inconsistencies in the calculation of the numbers presented in Refs. [14]. The
corresponding changes in the error estimate are at the level of one percent for mH > 135 GeV. For
mH > 500 GeV the changes increase for some decay modes, in particular for H → tt. The central
values of the BRs are not affected.

The fermionic decay modes are shown in Table A.1 to Table A.7. The bosonic decay modes
together with the total width are given in Table A.8 to Table A.14. The same information (including the
full uncertainty) is also presented graphically in Figure 2 for the low-mass region (left) and for the full
mass range (right).
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Fig. 2: Higgs branching ratios and their uncertainties for the low mass range (left) and for the full mass range
(right).

2.1.3 BR Correlations for Higgs masses close to 126 GeV
In this section, we focus on the error correlations for the different BRs. The reason for the correlations is
two-fold: Varying the input parameters within their error bands will induce shifts of the different partial
widths and the resulting BRs in a correlated way. Moreover, there is trivial correlation between the BRs
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• Looking back at the LEP/SLC legacy: Electroweak precision era
✓ By measuring precisely the properties of the W/Z bosons we learned about 

the Higgs (and Top) before they were discovered…

✓ …and thus how to optimize the direct search of the Higgs boson

The case for precision physics
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2.1.2 BR Results for Higgs masses
In this section we provide results for the BRs of the SM Higgs boson, using a particularly fine grid of
mass points close to MH = 126 GeV. The results are generated and presented in complete analogy to
the predictions in Refs. [14], including the error estimates for each BR. In the error estimates, we have
identified and removed inconsistencies in the calculation of the numbers presented in Refs. [14]. The
corresponding changes in the error estimate are at the level of one percent for mH > 135 GeV. For
mH > 500 GeV the changes increase for some decay modes, in particular for H → tt. The central
values of the BRs are not affected.

The fermionic decay modes are shown in Table A.1 to Table A.7. The bosonic decay modes
together with the total width are given in Table A.8 to Table A.14. The same information (including the
full uncertainty) is also presented graphically in Figure 2 for the low-mass region (left) and for the full
mass range (right).
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Fig. 2: Higgs branching ratios and their uncertainties for the low mass range (left) and for the full mass range
(right).

2.1.3 BR Correlations for Higgs masses close to 126 GeV
In this section, we focus on the error correlations for the different BRs. The reason for the correlations is
two-fold: Varying the input parameters within their error bands will induce shifts of the different partial
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✓ By measuring precisely the properties of the W/Z bosons we learned about 

the Higgs (and Top) before they were discovered…
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• The LEP/SLC legacy: After the Higgs discovery
✓ The same precision turned into valuable source of information about new 

physics (strong constraints on what it could be)

✓ Important for BSM phenomenology and to guide direct LHC searches

✓ Especially when we do not know what we are looking for!

• All this with ~ permille precision on W/Z physics

The case for precision physics
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Result Correlation Matrix

S 0.09± 0.10 1.00
(0.08± 0.10)

T 0.11± 0.12 0.86 1.00
(0.11± 0.12) (0.85)

U �0.01± 0.09 � 0.56 � 0.84 1.00
(0.00± 0.09) (�0.49) (�0.79)

S 0.09± 0.08 1.00
(0.08± 0.09)

T 0.10± 0.06 0.87 1.00
(0.11± 0.07) (0.86)

(U = 0)

Table 2: Results of the fit for the oblique parameters S,
T , U ; and S, T (U = 0). Results without the updates
from HC are given in parenthesis.
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Figure 1: 68% and 95% probability contours for
S and T (U = 0), together with the individual
constraints from MW , the asymmetry parameters
sin2 ✓lepte↵ , P pol

⌧
, Af , and A0,f

FB (f = `, c, b), and �Z .
Dashed lines indicate the results from the fit without
the updates from HC EWPO.
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Figure 2: (Left) 68% and 95% probability limits on the dimension-6 operator coe�cients ci/⇤2 [TeV�2] from
the fit to EWPO including all operators (in blue), compared with the bounds obtained assuming only one
operator at a time (in red). (Right) 95% probability limits on the NP interaction scale for the fits assuming
only one operator at a time, showing also the e↵ect of including the new HC data in each fit.

3 Update on the Higgs boson constraints at the LHC Run 2

In this section we discuss the impact of the latest measurements of the Higgs boson signal strengths at the
LHC Run 2 4 in constraining NP beyond the SM. For illustration purposes, in the left panel of Figure 3 we
show the improvements obtained with Run-2 data in the V -f plane for the di↵erent Higgs decay channels,
with V (f ) a universal rescaling of the Higgs boson couplings to vector bosons (fermions). When combined,
despite the improvement in the constraints, we observe that the bounds on V are still dominated by the
indirect e↵ects in the EWPO (see central panel in Figure 3).

Turning our attention back to the dimension-6 SMEFT, the right panel of Figure 3 shows the results from

4Including all data as of September 2017. See [11] for previous results using only Run-1 data.
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cluding also the scalars ϕ and ∆ (solid [blue] line) or a B1 together with a Z ′ with
mirror charges (dot-dashed [red] line). (Right) The same in the gY /MZ′
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plane. We also include the regions corresponding to the fit to EWPD without LEP
2 e+e− → f̄f data (vertical [yellow] band) and to LEP 2 data only (diagonal [blue]
band) for the Z ′

min model alone.

the Z ′ mass MZ′

min
and the two coupling constants gY and gB−L defining its current.

Following [12] we normalize these constants in such a way that the fermionic current
coupling to the Z ′

min is given (before mixing with the Z) by

Jµ
Z′

min

⊃
√

g2 + g′ 2
∑

ψ

[gY Yψ + gB−L(B − L)ψ]ψγ
µψ. (20)

Thus, the fit only constrains the ratios gY /MZ′

min
and gB−L/MZ′

min
. In figure 4 we

depict the 95% confidence regions using two different parameterizations. On the left
we draw the MZ′

min
/gY - MZ′

min
/gB−L plane to facilitate the comparison with previous

cases, and on the right the gY /MZ′

min
- gB−L/MZ′

min
plane as done in [12]. In this class

of models the relative sign between gY and gB−L is physical. The limits are in general
more stringent than the ones for the popular models above because by construction
the Z ′ mixing with the Z boson is not a free parameter and is nonvanishing. Taking
into account the different normalization used, which stands for a multiplicative factor
√

5/3g′/
√

g2 + g′2 ≈ 0.6, the lower limits in figure 4, left panel, are almost a factor
∼ 3 larger than those in the previous figures.

The results can be better visualized in figure 4, right panel, where the limits are
plotted as a function of gY /MZ′

min
and gB−L/MZ′

min
. As in [12], we also draw the

constraints from different data sets. In this class of models the addition of new scalars
has a limited effect. The corresponding 95% confidence region, which is delimited by
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• The HLLHC will open the door to percent precision Higgs physics…

• … but percent precision gives only limited access to TeV scale new physics

The case for precision physics
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FIG. 3: Typical Higgs coupling deviations depending on whether the couplings are generated from new physics that generates
tree level e↵ects or loop level e↵ects primarily. Optimistically assuming all new physics couplings or ratios of new physics scales
are O(1) gives a conservative upper bound on the highest scales probed by Higgs coupling deviations. Based on assuming a
precision for Higgs coupling deviations of 1 ! .1% this shows that Higgs couplings probe scales from as weak as M ⇠ 100 GeV
to as strong as M ⇠ 5.5 TeV.

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

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

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

The summary of Higgs precision properties shown in Figures 4 and 5, of course, contain numerous caveats, as the
measurements of the various properties listed are done in very di↵erent ways. As displayed, it can be thought of as
akin to a “kappa-0” or EFT fit. Larger deviations in Higgs boson properties typically signify lower scale physics e↵ects
which are not captured by EFT/ fits, and di↵erential distributions or other observables may be key. Moreover, with
the Higgs portal motivation, there can be new decay modes of the Higgs which are not fully captured in Figs. 4-5.
There is no possible way to model independently characterize all BSM e↵ects on Higgs physics and going beyond this
summary requires model interpretations as discussed further in Section V. In this context, all EFT interpretations
should also be thought of as models with thousands of parameters. What Fig. 4-5 do show is that all of the currently
proposed colliders that are Energy Frontier benchmarks o↵er exciting windows into understanding the Higgs. To
further di↵erentiate amongst collider options requires understanding the di↵erences in the types of BSM physics that
these Higgs precision measurements correlate with, that we attempt to address more in Section V, as well as how
useful they are in the context of other Topical Group measurements. Additionally, one must ask the question what
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FIG. 3: Typical Higgs coupling deviations depending on whether the couplings are generated from new physics that generates
tree level e↵ects or loop level e↵ects primarily. Optimistically assuming all new physics couplings or ratios of new physics scales
are O(1) gives a conservative upper bound on the highest scales probed by Higgs coupling deviations. Based on assuming a
precision for Higgs coupling deviations of 1 ! .1% this shows that Higgs couplings probe scales from as weak as M ⇠ 100 GeV
to as strong as M ⇠ 5.5 TeV.

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

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

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

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

• … but percent precision gives only limited access to TeV scale new physics

How would our knowledge change with measurements at 

future e+e- EW/Higgs factories?
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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.
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The physics case of a 3 TeV muon collider stage
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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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• Yukawa couplings:

�L
h↵
6 = �

h

v

X

f2u,d,e

�̂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 :

�L
V↵,hV↵
6 =

g
p
2

✓
1 + 2

h

v

◆
W+

µ

⇣
�̂g`

W
⌫L�

µeL + �̂gq
W,L

uL�
µdL + �̂gq

W,R
uR�

µdR + h.c.
⌘

+
p
g2 + g0 2

✓
1 + 2

h

v

◆
Zµ

"
X

f=u,d,e,⌫

�̂gf
Z,L

f
L
�µfL +

X

f=u,d,e

�̂gf
Z,R

f
R
�µfR

#
.

(13)

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:

�̂g`
W

= �̂g⌫
Z,L

� �̂ge
Z,L

, �̂gq
W,L

= �̂gu
Z,L

VCKM � VCKM�̂gd
Z,L

, (14)

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

ge↵ 2
HX

⌘
�H!X

�SM
H!X

. (15)

9

for the Higgs e↵ective couplings, or the quantities ge↵
Zff,L/R

for the electroweak e↵ective
couplings, defined from:

�Z!e+e� =
↵MZ

6 sin2 ✓w cos2 ✓w
(|ge↵

Zee,L
|
2 + |ge↵

Zee,R
|
2), Ae =

|ge↵
Zee,L

|
2
� |ge↵

Zee,R
|
2

|ge↵
Zee,L

|2 + |ge↵
Zee,R

|2
. (16)

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

Snowmass 2021 Study
JB et al. arXiv: 2206.08326 [hep-ph]

The case for precision physics

Physics case for Higgs and Electroweak precision 
July 8, 2024



Jorge de Blas - U. of Granada 14

The case for Precision Higgs physics 
at future e+e- colliders

Physics case for Higgs and Electroweak precision 
July 8, 2024



• Precision Higgs physics at future e+e- colliders:

Precision physics at e+e- Higgs factories
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FIG. 44: Cross sections for the three major Higgs production
processes as a function of center of mass energy, from [138].
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FIG. 45: Upper: signal H ! bb and background events in
di↵erent categories of S/B measured by ATLAS [178, 179]

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

the ILC full simulation [180].

-80% e
�, +30% e

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

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

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

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

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

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

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

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

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

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

+
µ
�
h 88% 1/1.3

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

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

(first column) at the ILC.

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

The first is the detector simulation. This provides the
realistic interactions between each final state particle and
any part of the detector that the particle passes through,
including creation of new particles during the interaction;
concrete algorithms for tracking, particle flow analysis,
vertex reconstruction and particle identification; the re-
sulting performance of the various detector resolutions
for track momentum, jet energy, and impact parameters;
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       O(106) (ZH) Higgses 
          O(105)(WWH) Higgses Statistics: 

Clean  
environment: 

No pileup 
Beam background under control
E, p constraints 

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 %.

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 %.

studies [18] all for double-tagged events. However due to insu�cient input about
systematic errors for all channels and the fact that the technical implementation of
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Statistical uncertainties below 1%: 
 Experimental systematics not expected to  

be a limiting factor for Higgs measurements

What do O(106) Higgses at e+e- bring to the table?
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FIG. 14: Left, Higgs boson production rates for e
+
e
� interactions as a function of collision energy [57]. Right: production

rates for µ
+
µ
� Higgs production as a function of collision energy, where the dashed curves correspond to annihilation cross

sections.

µ
+
µ
� and p-p, there are a larger number of Higgs bosons produced, new types of observables, new production modes

with top quarks, and multi-Higgs bosons which will be further discussed in the rest of this section.
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FIG. 15: Example of the recoil mass for 250 GeV e
+
e
� collision energy at ILC [51].

B. Future mass and width measurements

The Higgs mass is a fundamental parameter of theory and has implications for our understanding of the meta-
stability of the universe. In addition, it is a predicted quantity in certain BSM models, such as the MSSM[58]. The
ILC projects a measurement of mh from the position of the recoil mass peak in e

+
e
�

! Zh with a precision of
±14 MeV[59]. Similarly, the FCC-ee projects a mass measurement of 6-9 MeV statistical error with the potential to
improve this measurement further by including the Z ! e

+
e
� decay. This would lead to an ultimate precision of

�mh ⇠ 4 MeV with FCC-ee. At the HL-LHC CMS projects a measurement �mh ⇠ 30 MeV in the h ! ZZ ! 4l and
h ! �� channels[60], assuming detector upgrades give a 25% improvement in the 4µ resolution and a 17% increase
in the 4µ and 4e channels.

It was long thought that it was impossible to measure the Higgs width at the LHC, due to the smallness of the
SM Higgs width. However, it was realized in Refs. [61, 62] that the interference of the o↵-shell Higgs boson with
the full amplitude in the ZZ ! 4l channel is sensitive to the Higgs width. By comparing measurements above
the Higgs resonance and on the Higgs resonance, a measurable sensitivity to the width can be observed and CMS
has recently used this technique to obtain the first measurement �h = 3.2+2.4

�1.7 MeV [63]. The HL-LHC projects a

combined ATLAS-CMS width measurement of �h = 4.1+0.7
�0.8 MeV, corresponding to roughly a 17% accuracy using

Patrick Janot 

Absolute	coupling	and	width	measurement	
q  Higgs	tagged	by	a	Z,	Higgs	mass	from	Z	recoil	

	
	
◆  Total	rate	∝	gHZZ

2																																																									→	measure	gHZZ		to	0.2%		
◆  ZH	→	ZZZ	final	state,	rate		∝	gHZZ

4	/	ΓH													→	measure	ΓH	to	a	couple	%	
◆  ZH	→	ZXX	final	state,	rate	∝	gHXX

2	gHZZ
2	/	ΓH		→	measure	gHXX		to	a	few	per-mil	/	per-cent	

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

q  Added	value	from	WW	fusion	(mostly	at	350-365	GeV)	
◆  Hνν	→	bbνν	final	state,	rate		R2	∝	gHWW

2	gHbb
2	/	ΓH	

●  bbνν	/	(Zbb	×	ZWW)	∝	gHZZ
4	/	ΓH																															→	ΓH	to	~1	%	

◆  Hνν	→	WWνν	final	state,	rate		R1	∝	gHWW
4	/	ΓH													→	gHWW	to	a	few	per	mil	

6 March 2019 
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1.2 Theoretical structure of the Standard Model Higgs boson

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

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

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

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

mh (GeV) gg ““ Z“ W
+

W
≠

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

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

1.2.4 Higgs production at the ILC

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

+
e

≠
æ Z

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

e
+

e
≠

æ W
+ú

W
≠ú

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

e
≠

æ Z
ú
Z

ú
e

+
e

≠
æ he

+
e

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

The ILC operation will start with the e
+

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

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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e+e�→ HZ

µ+

µ�

mH
2 = s+mZ

2 − 2 s(E+ +E− )

1.2 Theoretical structure of the Standard Model Higgs boson

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

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

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

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

mh (GeV) gg ““ Z“ W
+

W
≠

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

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

1.2.4 Higgs production at the ILC

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

+
e

≠
æ Z

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

e
+

e
≠

æ W
+ú

W
≠ú

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

e
≠

æ Z
ú
Z

ú
e

+
e

≠
æ he

+
e

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

The ILC operation will start with the e
+

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

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

(In HLLHC only access to ratios)

σZH ∼ gHZZ2
Inclusive  
e+e-→ZH 


cross section
<1%

Together with Rate measurements  
allow determination of Higgs width 

δΓH ~1%

What do O(106) Higgses at e+e- bring to the table?

Precision physics at e+e- Higgs factories

Physics case for Higgs and Electroweak precision 
July 8, 2024



• Precision Higgs physics at future e+e- colliders:

Jorge de Blas - U. of Granada 17

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Precision physics at e+e- Higgs factories

Physics case for Higgs and Electroweak precision 
July 8, 2024

What do O(106) Higgses at e+e- bring to the table?



• Precision Higgs physics at future e+e- colliders:

Jorge de Blas - U. of Granada 18

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Established 
@ HLLHC

Precision physics at e+e- Higgs factories

Physics case for Higgs and Electroweak precision 
July 8, 2024

What do O(106) Higgses at e+e- bring to the table?



• Precision Higgs physics at future e+e- colliders:

Jorge de Blas - U. of Granada 19

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Introduction

1Jorge de Blas 
Univ. of Granada 

KEK Theory Seminar 
December 12, 2023

Established 
@ HLLHC

Precision 
greatly 

improved 
@ e+e-

δgHZZ δgHWW δgH
γγ

δgH
Zγ δg1,Z δκγ λZ

10-4

10-3

10-2

10-1

1

10-6

10-5

10-4

10-3

10-2

H
ig
gs
co
up
lin
gs

aTG
C
s

precision reach on effective couplings from SMEFT global fit
HL-LHC S2 + LEP/SLD CEPC Z100/WW6/240GeV20

CEPC +360GeV1
FCC-ee Z150/WW10/240GeV5
FCC-ee +365GeV1.5 4 IPs

ILC 250GeV2
ILC +350GeV0.2+500GeV4
ILC +1TeV8 w/Giga-Z

CLIC 380GeV1
CLIC +1.5TeV2.5
CLIC +3TeV5

MuC 3TeV1 w/FCC-ee
MuC 10TeV10
MuC 125GeV0.02+10TeV10

(combined in all lepton collider scenarios)
Free H Width
no H exotic decay subscripts denote luminosity in ab-1, Z & WW denote Z-pole & WW threshold

δgH
gg δgHcc δgHbb δgHττ δgH

μμ δΓH
10-3

10-2

10-1

10-3

10-2

10-1

H
ig
gs
co
up
lin
gs

H
iggs

couplings

δgZ,Lee δgZ,Ree δgWeν δgZ,L
μμ δgZ,R

μμ δgW
μν δgZ,Lττ δgZ,Rττ δgWτν

10-5

10-4

10-3

10-2

10-5

10-4

10-3

10-2

V
ff
co
up
lin
gs

V
ffcouplings

δgZ,Luu δgZ,Ruu δgZ,Ldd δgZ,Rdd δgZ,Lbb δgZ,Rbb
10-4

10-3

10-2

10-1

10-4

10-3

10-2

10-1

V
ff
co
up
lin
gs

V
ffcouplings

imposed U(2) in 1&2 gen quarks

Permile precision on Higgs

�gHZZ �gHWW �gH
��

�gH
Z� �g1,Z ��� �Z

10-4

10-3

10-2

10-1

1

10-6

10-5

10-4

10-3

10-2

H
ig
gs
co
up
lin
gs

aTG
C
s

precision reach on effective couplings from SMEFT global fit
HL-LHC S2 + LEP/SLD CEPC Z100/WW6/240GeV20

CEPC +360GeV1
FCC-ee Z150/WW10/240GeV5
FCC-ee +365GeV1.5

ILC 250GeV2
ILC +350GeV0.2+500GeV4
ILC +1TeV8 w/Giga-Z

CLIC 380GeV1
CLIC +1.5TeV2.5
CLIC +3TeV5

MuC 3TeV1 w/FCC-ee
MuC 10TeV10
MuC 125GeV0.02+10TeV10

(combined in all lepton collider scenarios)
Free H Width
no H exotic decay subscripts denote luminosity in ab-1, Z & WW denote Z-pole & WW threshold

�gH
gg �gHcc �gHbb �gH�� �gH

�� ��H
10-3

10-2

10-1

10-3

10-2

10-1

H
ig
gs
co
up
lin
gs

H
iggs

couplings

�gZ,Lee �gZ,Ree �gWe� �gZ,L
�� �gZ,R

�� �gW
�� �gZ,L�� �gZ,R�� �gW��

10-5

10-4

10-3

10-2

10-5

10-4

10-3

10-2

V
ff
co
up
lin
gs

V
ffcouplings

�gZ,Luu �gZ,Ruu �gZ,Ldd �gZ,Rdd �gZ,Lbb �gZ,Rbb
10-4

10-3

10-2

10-1

10-4

10-3

10-2

10-1

V
ff
co
up
lin
gs

V
ffcouplings

imposed U(2) in 1&2 gen quarks

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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ments.

28

δgHZZ δgHWW δgH
γγ

δgH
Zγ δg1,Z δκγ λZ

10-4

10-3

10-2

10-1

1

10-6

10-5

10-4

10-3

10-2

H
ig
gs
co
up
lin
gs

aTG
C
s

precision reach on effective couplings from SMEFT global fit
HL-LHC S2 + LEP/SLD CEPC Z100/WW6/240GeV20

CEPC +360GeV1
FCC-ee Z150/WW10/240GeV5
FCC-ee +365GeV1.5 4 IPs

ILC 250GeV2
ILC +350GeV0.2+500GeV4
ILC +1TeV8 w/Giga-Z

CLIC 380GeV1
CLIC +1.5TeV2.5
CLIC +3TeV5

MuC 3TeV1 w/FCC-ee
MuC 10TeV10
MuC 125GeV0.02+10TeV10

(combined in all lepton collider scenarios)
Free H Width
no H exotic decay subscripts denote luminosity in ab-1, Z & WW denote Z-pole & WW threshold

δgH
gg δgHcc δgHbb δgHττ δgH

μμ δΓH
10-3

10-2

10-1

10-3

10-2

10-1
H
ig
gs
co
up
lin
gs

H
iggs

couplings

δgZ,Lee δgZ,Ree δgWeν δgZ,L
μμ δgZ,R

μμ δgW
μν δgZ,Lττ δgZ,Rττ δgWτν

10-5

10-4

10-3

10-2

10-5

10-4

10-3

10-2

V
ff
co
up
lin
gs

V
ffcouplings

δgZ,Luu δgZ,Ruu δgZ,Ldd δgZ,Rdd δgZ,Lbb δgZ,Rbb
10-4

10-3

10-2

10-1

10-4

10-3

10-2

10-1

V
ff
co
up
lin
gs

V
ffcouplings

imposed U(2) in 1&2 gen quarks

H
ig

gs
 in

te
ra

ct
io

ns
EW

 V
ff 

in
te

ra
ct

io
ns

aTG
C

Effective  
couplings

• Yukawa couplings:
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6 = �

h

v

X

f2u,d,e

�̂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:

�̂g`
W

= �̂g⌫
Z,L

� �̂ge
Z,L

, �̂gq
W,L

= �̂gu
Z,L

VCKM � VCKM�̂gd
Z,L

, (14)

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

ge↵ 2
HX

⌘
�H!X

�SM
H!X

. (15)
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for the Higgs e↵ective couplings, or the quantities ge↵
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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
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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
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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:

�̂g`
W

= �̂g⌫
Z,L

� �̂ge
Z,L

, �̂gq
W,L

= �̂gu
Z,L

VCKM � VCKM�̂gd
Z,L

, (14)

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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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:
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For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:
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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
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs.
All values reported correspond to a simplified combination of the considered collider with HL-
LHC. Only numbers for Method (1), i.e. “di-H excl.”, corresponding to the results given by the
future collider collaborations, and for Method (4), i.e. “single-H glob.” are shown (the results for
Method (3) are reported in parenthesis). For Method (4) we report the results computed by the
Higgs@FC working group. For the leptonic colliders, the runs are considered in sequence. For
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√
s ! 400GeV, Method (1) cannot be used, hence the dash signs. Due to the

lack of results available for the ep cross section in SMEFT, we do not present any result for LHeC
nor HE-LHeC, and only results with Method (1) for FCC-eh. When uncertainties are asymmetric
(CLIC and FCC-eh) or a range is given (HE-LHC) the mid value is displayed.

with ratios of masses on the one hand, and test constants of proportionality on the other.

The second motivation is that processes which are predicted to be rare in the SM, offer

enhanced sensitivity to new physics residing at high scales. A leading example is the

search for flavour-changing neutral interactions, which are extremely suppressed in the

SM and if detected would reliably point to the existence of new physics. Third, peculiar

and rare final state signatures can have a special connection with BSM scenarios. One

example is H decaying to invisible particles, which is used to constrain scenarios featuring

DM candidates. In the SM, the Higgs boson can decay invisibly via H → 4ν with a

branching ratio of 0.11%. Finally, Yukawa interactions with first generation fermions are

the cornerstone of the low-energy constraints on CP violation of the couplings on the third

generation. The typical example here are limits obtained by the EDM’s on the CP-odd

interaction of the third generation fermions (section 6).

The reach of various colliders for rare decays, depends in the first place on the available

statistics of the Higgs bosons being produced. The expected rates are presented in the

appendix B, table 18.
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FIG. 1. (a) LO contributions to e+e� ! HZ in the dimension-6 SMEFT. (b) Contributions sensitive to Higgs self-interactions
arising from the operator O�. (c) Contributions from Oeu[1, 1, 3, 3].

physics resides in the coe�cient functions, Ci. The lead-
ing order (LO) dimension-6 SMEFT result arises from
the diagrams shown in Fig. 1 (a) and we consistently ne-
glect contributions of O(m2

e/s) and O(1/⇤4). We use the
Warsaw basis and notation of [18].

III. OVERVIEW OF THE CALCULATION

At tree level, the cross section for e+e� ! ZH depends
on 7 SMEFT coe�cients,

C�D , C�⇤ , C�WB , C�W , C�B ,

C�e[1, 1] , C+
�l[1, 1] ⌘ C(1)

�l [1, 1] + C(3)
�l [1, 1] ,

(2)

where the indices [1, 1] refer to the first generation
fermions.

Once higher order corrections are included, additional
operators contribute. We compute the complete next-
to-leading order (NLO) correction to e+e� ! ZH in
SMEFT, including all dimension-6 one-loop e↵ects up to
O(g2v2/(16⇡2⇤2)) and the relevant real emission contri-
butions. Here, we focus on the phenomenology of the
contributions from the Higgs self-interactions, C�, shown
in Fig. 1 (b), from operators that contain interactions
with the top quark that are listed in Table I, and from the
CP violating operators, C�fWB , C�fW , C� eB and CfW . Ex-
ample diagrams involving 4-fermion top quark-electron
interactions are shown in Fig. 1 (c). All these operators
contribute to the cross-section for the first time at NLO.

To calculate the relevant 1-loop diagrams, using the
SMEFT Feynman rules [19], we generate the amplitudes
using FeynArts [20] and reduce them in terms of scalar
Passarino-Veltman [21] integrals using FeynCalc [22]. We
chose a hybrid renormalization scheme, where SM quan-
tities, particularly the masses of the gauge bosons MW,
MZ and the Fermi constant Gµ are renormalized on-shell,
while the SMEFT Wilson coe�cients are MS quantities.
Consequently, the cross section depends on the renormal-
ization scale µ. This dependence can be deduced from a

study of the one-loop Renormalization Group Equations
(RGE) [23–25], and we verify that it agrees with our ex-
plicit calculation. Notably, the non-logarithmic correc-
tions can be obtained only from the direct calculation.
In particular, for C�, Cu�[3, 3] and the CP violating op-
erators, only this last contribution exists, and no infor-
mation can be gained from the RGE.

For operators that contribute at the LO, infra-red di-
vergences in the virtual contributions are treated using
dimensional regularization, and we use dipole subtrac-
tion [26, 27] to regulate the real photon emission cor-
rections. We perform the complete computation with
a massless electron and then restore the leading depen-
dence on the electron mass using collinear factorization
and the fact that the electron mass plays the role of a
collinear regulator [28].

IV. RESULTS

We consider unpolarized electron-positron collisions at
240 GeV and 365 GeV center-of-mass energies. Physical
parameters are adapted from Ref. [11]. The Higgs boson
is chosen to be stable with a mass of mH = 125.1 GeV.
Vector boson masses are taken to be MW = 80.352 GeV
and MZ = 91.1535 GeV, including width e↵ects as im-
plemented in Ref. [11]. Relevant fermion masses are
me = 0.511 MeV and mt = 172.76 GeV. Weak cou-
plings and the Higgs vacuum expectation value are de-
rived from the weak boson masses and the Fermi con-
stant Gµ = 1.1663787⇥ 10�5 GeV�2. The SMEFT scale
is taken to be ⇤ = 1 TeV for all numerical results.

Using these inputs, the leading order (LO) total cross
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physics resides in the coe�cient functions, Ci. The lead-
ing order (LO) dimension-6 SMEFT result arises from
the diagrams shown in Fig. 1 (a) and we consistently ne-
glect contributions of O(m2

e/s) and O(1/⇤4). We use the
Warsaw basis and notation of [18].
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�l [1, 1] + C(3)
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where the indices [1, 1] refer to the first generation
fermions.

Once higher order corrections are included, additional
operators contribute. We compute the complete next-
to-leading order (NLO) correction to e+e� ! ZH in
SMEFT, including all dimension-6 one-loop e↵ects up to
O(g2v2/(16⇡2⇤2)) and the relevant real emission contri-
butions. Here, we focus on the phenomenology of the
contributions from the Higgs self-interactions, C�, shown
in Fig. 1 (b), from operators that contain interactions
with the top quark that are listed in Table I, and from the
CP violating operators, C�fWB , C�fW , C� eB and CfW . Ex-
ample diagrams involving 4-fermion top quark-electron
interactions are shown in Fig. 1 (c). All these operators
contribute to the cross-section for the first time at NLO.

To calculate the relevant 1-loop diagrams, using the
SMEFT Feynman rules [19], we generate the amplitudes
using FeynArts [20] and reduce them in terms of scalar
Passarino-Veltman [21] integrals using FeynCalc [22]. We
chose a hybrid renormalization scheme, where SM quan-
tities, particularly the masses of the gauge bosons MW,
MZ and the Fermi constant Gµ are renormalized on-shell,
while the SMEFT Wilson coe�cients are MS quantities.
Consequently, the cross section depends on the renormal-
ization scale µ. This dependence can be deduced from a

study of the one-loop Renormalization Group Equations
(RGE) [23–25], and we verify that it agrees with our ex-
plicit calculation. Notably, the non-logarithmic correc-
tions can be obtained only from the direct calculation.
In particular, for C�, Cu�[3, 3] and the CP violating op-
erators, only this last contribution exists, and no infor-
mation can be gained from the RGE.

For operators that contribute at the LO, infra-red di-
vergences in the virtual contributions are treated using
dimensional regularization, and we use dipole subtrac-
tion [26, 27] to regulate the real photon emission cor-
rections. We perform the complete computation with
a massless electron and then restore the leading depen-
dence on the electron mass using collinear factorization
and the fact that the electron mass plays the role of a
collinear regulator [28].

IV. RESULTS

We consider unpolarized electron-positron collisions at
240 GeV and 365 GeV center-of-mass energies. Physical
parameters are adapted from Ref. [11]. The Higgs boson
is chosen to be stable with a mass of mH = 125.1 GeV.
Vector boson masses are taken to be MW = 80.352 GeV
and MZ = 91.1535 GeV, including width e↵ects as im-
plemented in Ref. [11]. Relevant fermion masses are
me = 0.511 MeV and mt = 172.76 GeV. Weak cou-
plings and the Higgs vacuum expectation value are de-
rived from the weak boson masses and the Fermi con-
stant Gµ = 1.1663787⇥ 10�5 GeV�2. The SMEFT scale
is taken to be ⇤ = 1 TeV for all numerical results.

Using these inputs, the leading order (LO) total cross
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FIG. 1. (a) LO contributions to e+e� ! HZ in the dimension-6 SMEFT. (b) Contributions sensitive to Higgs self-interactions
arising from the operator O�. (c) Contributions from Oeu[1, 1, 3, 3].

physics resides in the coe�cient functions, Ci. The lead-
ing order (LO) dimension-6 SMEFT result arises from
the diagrams shown in Fig. 1 (a) and we consistently ne-
glect contributions of O(m2

e/s) and O(1/⇤4). We use the
Warsaw basis and notation of [18].
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where the indices [1, 1] refer to the first generation
fermions.

Once higher order corrections are included, additional
operators contribute. We compute the complete next-
to-leading order (NLO) correction to e+e� ! ZH in
SMEFT, including all dimension-6 one-loop e↵ects up to
O(g2v2/(16⇡2⇤2)) and the relevant real emission contri-
butions. Here, we focus on the phenomenology of the
contributions from the Higgs self-interactions, C�, shown
in Fig. 1 (b), from operators that contain interactions
with the top quark that are listed in Table I, and from the
CP violating operators, C�fWB , C�fW , C� eB and CfW . Ex-
ample diagrams involving 4-fermion top quark-electron
interactions are shown in Fig. 1 (c). All these operators
contribute to the cross-section for the first time at NLO.

To calculate the relevant 1-loop diagrams, using the
SMEFT Feynman rules [19], we generate the amplitudes
using FeynArts [20] and reduce them in terms of scalar
Passarino-Veltman [21] integrals using FeynCalc [22]. We
chose a hybrid renormalization scheme, where SM quan-
tities, particularly the masses of the gauge bosons MW,
MZ and the Fermi constant Gµ are renormalized on-shell,
while the SMEFT Wilson coe�cients are MS quantities.
Consequently, the cross section depends on the renormal-
ization scale µ. This dependence can be deduced from a

study of the one-loop Renormalization Group Equations
(RGE) [23–25], and we verify that it agrees with our ex-
plicit calculation. Notably, the non-logarithmic correc-
tions can be obtained only from the direct calculation.
In particular, for C�, Cu�[3, 3] and the CP violating op-
erators, only this last contribution exists, and no infor-
mation can be gained from the RGE.

For operators that contribute at the LO, infra-red di-
vergences in the virtual contributions are treated using
dimensional regularization, and we use dipole subtrac-
tion [26, 27] to regulate the real photon emission cor-
rections. We perform the complete computation with
a massless electron and then restore the leading depen-
dence on the electron mass using collinear factorization
and the fact that the electron mass plays the role of a
collinear regulator [28].

IV. RESULTS

We consider unpolarized electron-positron collisions at
240 GeV and 365 GeV center-of-mass energies. Physical
parameters are adapted from Ref. [11]. The Higgs boson
is chosen to be stable with a mass of mH = 125.1 GeV.
Vector boson masses are taken to be MW = 80.352 GeV
and MZ = 91.1535 GeV, including width e↵ects as im-
plemented in Ref. [11]. Relevant fermion masses are
me = 0.511 MeV and mt = 172.76 GeV. Weak cou-
plings and the Higgs vacuum expectation value are de-
rived from the weak boson masses and the Fermi con-
stant Gµ = 1.1663787⇥ 10�5 GeV�2. The SMEFT scale
is taken to be ⇤ = 1 TeV for all numerical results.

Using these inputs, the leading order (LO) total cross
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h3 enters in single Higgs @ NLO

Careful, other effects enter at NLO!

Contributions from (poorly constrained) eett operators affect interpretation!
        ⇒ Interplay Higgs/Top 

Difficult to constrain only with 365 GeV data in e+e- → t t  (Flat directions)
Bounds from HLLHC (pp→ t t e+e-) could ameliorate the issue

Still useful for particular models but model-independence needs to be clarified

Precision physics at e+e- Higgs factories

Physics case for Higgs and Electroweak precision 
July 8, 2024

50% HLLHC → ~30% @ e+e-?

O(1) TeV-2  
bounds needed: 



• Precision Higgs physics at future e+e- colliders:
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What do O(106) Higgses at e+e- bring to the table?



• Higgs portals to SM-neutral new physics sectors: 

✓ Clean environment allows to detect any Higgs decay (many exotic decays 
could “escape” untagged at the LHC)

Chinese Physics C Vol. 41, No. 6 (2017) 063102

(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+ /ET, ⌧+
⌧
�+ /ET. For the Higgs invisible decays, we

take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.

HL-LHC
CEPC
ILC(H20)
FCC-ee

MET (bb)+MET
(jj)+MET

(ττ)+MET
bb+MET

jj+MET
ττ+MET
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→
E
xo
tic
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95% C.L. upper limit on selected Higgs Exotic Decay BR

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics
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sions of the Higgs exotic decays at di↵erent future lep-
ton colliders. In Section 3, we describe our simulation
framework and present our phenomenological analysis
for various Higgs exotic decay modes. We summarize
the physics potential from the Higgs exotic decays at
the (HL-)LHC and the future lepton collider programs
in Section 4. In our summary table, we include compre-
hensive projections and show the complementarity be-
tween future lepton collider programs and the HL-LHC.
We also discuss many important future directions for the
Higgs exotic decay programs.

2 Theoretical framework

2.1 Higgs exotic decay modes considered in this

work

The Higgs boson BSM decays have a rich variety of
possibilities. To organize this study on Higgs boson BSM

decays, we selectively choose a set of phenomenologically
driven processes. We focus on two-body Higgs decays
into BSM particles, which are allowed to subsequently
decay further, up to four-body final states. We only
consider the Higgs boson as an CP-even particle. CP-
violation e↵ects would a↵ect various di↵erential distri-
butions, and this demands future study. These processes
are well-motivated by SM+singlet extensions, two-Higgs-
doublet-models, SUSY models, Higgs portals, gauge ex-
tensions of the SM, etc. These assumptions have also
been emphasized in the recent overview of Higgs exotic
decays [25] and the CERN yellow report [26].

We consider in general the exotic Higgs decays into
BSM particles dubbed as Xi, h ! X1X2. The cascade
decay modes are classified into four cases, schematically
shown in Fig. 1. We discuss their major physics motiva-
tion and features at lepton colliders in order.

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

Fig. 1. The topologies of the SM-like Higgs exotic decays.

h! 2: The Xis in this case are detector-stable and
charge-neutral. ⇤ They could be dark matter candi-
dates. The Higgs portal [27] to dark matter models, in-
cluding various SUSY light dark matter models [28–38],
motivates this BSM search channel. The lepton collider
background for this channel are mainly from the process
e
+
e
�

! ZZ ! Z + ⌫⌫̄ and e
+
e
�

! W
+
W

�
! `

+
`
�
⌫⌫̄.

This channel, due to its simplicity and importance, has
been studied by most of the future lepton collider pro-
grams [16–18] and we will quote these results in our sum-
mary table. We include this channel here for complete-
ness. In addition, many of the models that motivate this
channel also induce other Higgs exotic decays we consider
in this study.

h! 2! 3! 4: This is the topology in which X1 is
detector-stable and X2 decays to two particles, with
one of these decay products further decaying into two

particles. A typical BSM model for such decay modes
is the Higgs decaying into the lightest supersymmetric
particle (LSP) plus a heavier neutralino, which subse-
quently decays into the LSP plus a resonant BSM par-
ticle. This resonant BSM particle could be a singlet-
like scalar in the Next-to-Minimal-Supersymmetric-
Standard-Model (NMSSM). Many SUSY models which
motivate Higgs invisible decays also induce this decay
channel, e.g. [38, 39]. It also commonly exists in the
so-called “stealth SUSY” models [40]. This singlet-like
scalar decays into SM fermion pairs, giving rise to the fi-
nal state of a pair of resonant SM particles plus missing
energy, dubbed h ! (ff)+ /ET.† In this study, we only
consider the channels which are very challenging at the
LHC, h ! (jj)+/ET, h ! (bb̄)+/ET and h ! (⌧+

⌧
�)+/

ET. For the hadronic channels, the major background is
from the SM Higgs decay modes h!ZZ

⇤
! jj+⌫⌫̄ and

⇤The possibility of a detector-stable electrical charged particle Xi is usually more contrived and excluded from direct Drell-Yan
production by both LEP and the LHC. Hence, we ignore this possibility here.

†At lepton colliders we could use the quantity missing momentum instead of Missing Transverse Energy (MET) /ET. The former
carries more information while the latter is more widely used in the hadron collider analyses. For the decay channel considered in our
analyses, the reach can be improved only marginally by the inclusion of the z-direction missing momentum information because of the
already great limit achieved and additional uncertainties from the beamstrahlung e↵ect [41] and the initial state radiation (ISR) e↵ect [42].
Consequently, we use only the more widely adopted missing transverse energy throughout this study.
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• Precision Experiment vs. Theory

• Theory challenges:

✓ Full 2-loop calculation for e+e- →ZH

✓ Partial 2-loop effects for WBF

✓ 4-/5-loop QC calculation in H→bb, cc

• Theory expected to be ready and SM TH uncertainties (intrinsic & 
parametric) to have small impact in BSM interpretation
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Higgs decay widths and Higgs couplings at ILC and FCC-ee
LHC HXS WG; de Blas et al., 1905.03764; HL-LHC: Cepeda et al., 1902.00134;
ILC: Bambade et al., 1903.01629 FCC-ee: Freitas et al., 1906.05379

experimental accuracy theory uncertainty param. unc.
HL-LHC ILC250 FCC-ee current source prospect prospect source

H ! bb̄ 4.4% 2% 0.8% 0.4% ↵5
s 0.2% 0.6% mb

H ! ⌧⌧ 2.9% 2.4% 1.1% 0.3% ↵2 0.1% negligible

H ! µµ 8.2% 8% 12% 0.3% ↵2 0.1% negligible

H ! gg 1.6% (prod.) 3.2% 1.6% 3.2% ↵4
s 1% 0.5% ↵s

H ! �� 2.6% 2.2% 3.0% 1% ↵2 1% negligible

H ! �Z 19% 5% ↵ 1% 0.1% MH

H ! WW 2.8% 1.1% 0.4% 0.5% ↵2
s
,↵s↵,↵

2 0.3% 0.1% MH

H ! ZZ 2.9% 1.1% 0.3% 0.5% ↵2
s
,↵s↵,↵

2 0.3% 0.1% MH

Note: e
+
e
� colliders from �e+e�!ZH with inclusive Higgs decays!

) Absolute normalization of Higgs BRs

S.Dittmaier Physics Landscape 2nd ECFA Workshop on e+e– . . . , Paestum, Oct 2023 48

A. Freitas, Q. Song, PRL 130 (2023) 3, 031801 

A. Freitas et al., arXiv: 1906.05379 [hep-ph]

A. Freitas, Q. Song, K. Xie, PRD 1080 (2023) 5, 053006 
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• Future e+e- factories will also help us improve our knowledge of the EW 
interactions:

• Improved Z pole run:

‣ LEP/SLC: ~107 Z → O(0.1-1%)

‣ FCCee/CEPC: 1012 Z

‣ ILC (GigaZ): 109 Z

• Significantly lower stats at linear colliders but can benefit from use of 
polarization ⇒ Extra observables wrt unpolarized case. E.g.  asymmetries

Precision physics at e+e- Electroweak factories

e+

e−

γ

f
−

f

e+

e−

Z

f
−

f

Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.
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the effects of photon radiation.
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• Future e+e- factories will also help us improve our knowledge of the EW 
interactions:

• Also very precise measurements of other crucial inputs of the EW fit:

• Anomalous Triple Gauge Couplings:
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• The aTGC dominance approximation neglects contributions from 
everything other than aTGC
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Figure 13: A comparison of the reach on aTGCs from the binned method used in ref. [67]
and the optimal observables for the diboson measurement at CEPC 240 GeV. To match
ref. [67], we use both the total rate and the normalized distributions of the semileptonic
channel, and impose the TGC dominance assumption. A 80% signal selection e�ciency is
assumed in ref. [67].

is achieved using optimal observables, which reduced the strong correlation between them
from ≠0.9 (of the binned distribution method) to ≠0.6. The improvement is still outstand-
ing even with the conservative 50% e�ciency used in our analysis. Note however that they
remain degeneracies between Higgs and EW parameters that cannot be resolved with WW

measurements alone, even with optimal use of the available di�erential information.

Treatment of Higgsstrahlung production The three relevant angles in the process
e+e≠

æ hZ, Z æ ¸+¸≠ are the production polar angle and the Z decay polar and azimuthal
angles. In refs. [80, 81], the information contained in angular distributions was extracted
using asymmetries. While this approach captures all the essential information, the corre-
lations among the asymmetry observables are omitted, which results in a reduction in the
sensitivity. We instead construct statistically optimal observables from these three angles
using equation (D.6) and (D.7), keeping only the linear CP-even EFT dependences. We
use only the h æ bb̄ and Z æ e+e≠/µ+µ≠ channel, which is almost background free after
the selection cuts. The ‰2 is computed analytically, including only statistical uncertainties
with a universal 40% signal e�ciency. Note that the bb̄ pair is only used for tagging the
Higgs and reducing backgrounds. The flat distribution of scalar decay product does not
contain useful information.

E Input for the global fits

In this section, we give a list of inputs that we used in the fits for the various colliders.
The same inputs can also be provided as configuration files for HEPfit on request which
can be used for reproducing our results. While we try to give a complete list of inputs in
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H Consistency of electroweak precision data

Before the discovery of a Higgs boson, the consistency of the SM has often been illustrated

by comparing the direct measurement of mW andmtop with the indirect constraints derived

from precision measurement at the Z-pole and at low-energy experiments. Figure 18 for

the future e+e− colliders.

68% and 95% prob. regions
HL­LHC
HL+CLIC380,GigaZ
HL+CLIC380,GigaZ (no ThIntr)
Exp. projections

80.32 80.34 80.36 80.38 80.40
165

170

175

180

MW [GeV]

m
t
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]

Figure 18. Constraints on mW and mtop from direct measurements (horizontal and vertical lines)
and indirect constraints (ellipses). In all cases the constraints from current data plus HL-LHC are
compared to the ones expected for the e+e− collider. For ILC and CLIC the result is shown without
(top row) and with a Giga-Z (bottom row) run.
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at future colliders. Different shades of the same colour correspond to

results including or neglecting the future theoretical uncertainties.

Result Correlation Matrix

dg
b

R
0.016±0.006 1.00

dg
b

L
0.002±0.001 0.90 1.00

Table 4: Results of the fit for the shifts in the left-
handed and right-handed Zbb̄ couplings.

Result Correlation Matrix

dg
b

V
0.018±0.007 1.00

dg
b

A
�0.013±0.005 �0.98 1.00

Table 5: Results of the fit for the shifts in the vector
and axial-vector Zbb̄ couplings.
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Figure 3: (Left) 1D probability distribution for kV derived from EWPD. (Center) Comparison of the 68%
and 95% probability contours for rescaled Higgs couplings to fermions (k f ) and vector bosons (kV ), from
EWPO and Higgs signal strengths (see [1] for details). (Right) Expected sensitivities to kV at future collid-
ers. Different shades of the same colour correspond to results including or neglecting the future theoretical
uncertainties.

We also find a preference for kV > 1, with 90% of probability. This imposes significant constraints
on composite Higgs models, which generate values of kV < 1, unless extra contributions to the
oblique parameters are present. It is noteworthy that, as can be seen in the central panel of Fig. 3,
the EWPO constraints still dominate the LHC run 1 bounds from Higgs signal strengths [1].

Finally, we consider the general parametrization of NP effects using the SM effective field
theory up to dimension 6. Assuming that the fields and symmetries of nature at energies below
a given cutoff L are those of the SM, the most general Lorentz and SM gauge invariant theory

4
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FIG. 2. P.d.f’s for oblique parameters from a global fit to all EWPO for the standard average scenario. (Left panel) Scenario
with U = 0. (Center and right panels) Scenario with U 6= 0. Dark (light) regions correspond to 68% (95%) probability ranges.

Measurement ST STU SMEFT
MW [GeV] 80.4133± 0.0080 80.4100± 0.0077 80.4133± 0.0080 80.4133± 0.0080
�W [GeV] 2.085± 0.042 2.09214± 0.00072 2.09251± 0.00075 2.0778± 0.0070

sin2 ✓lepte↵ (Qhad
FB ) 0.2324± 0.0012 0.23142± 0.00013 0.23147± 0.00014 –

P pol
⌧ = A` 0.1465± 0.0033 0.1478± 0.0011 0.1474± 0.0011 0.1488± 0.0014

�Z [GeV] 2.4955± 0.0023 2.49812± 0.00099 2.4951± 0.0022 2.4955± 0.0023
�0
h [nb] 41.480± 0.033 41.4910± 0.0077 41.4905± 0.0077 41.481± 0.032
R0

` 20.767± 0.025 20.7506± 0.0084 20.7510± 0.0084 20.769± 0.024
A0,`

FB 0.0171± 0.0010 0.01638± 0.00023 0.01630± 0.00024 0.01659± 0.00032
A` (SLD) 0.1513± 0.0021 0.1478± 0.0011 0.1474± 0.0011 0.1488± 0.0014

R0
b 0.21629± 0.00066 0.21591± 0.00010 0.21591± 0.00010 0.21632± 0.00065

R0
c 0.1721± 0.0030 0.172198± 0.000054 0.172200± 0.000054 0.17159± 0.00099

A0,b
FB 0.0996± 0.0016 0.10362± 0.00075 0.10336± 0.00077 0.1008± 0.0014

A0,c
FB 0.0707± 0.0035 0.07407± 0.00058 0.07387± 0.00059 0.0734± 0.0022
Ab 0.923± 0.020 0.934812± 0.000097 0.934779± 0.000099 0.903± 0.013
Ac 0.670± 0.027 0.66815± 0.00052 0.66796± 0.00053 0.658± 0.020
As 0.895± 0.091 0.935710± 0.000096 0.935676± 0.000097 0.905± 0.012

BRW!`⌫̄` 0.10860± 0.00090 0.108386± 0.000022 0.108380± 0.000022 0.10900± 0.00038
sin2 ✓lepte↵ (HC) 0.23143± 0.00025 0.23142± 0.00013 0.23147± 0.00014 –

Ruc 0.1660± 0.0090 0.172220± 0.000032 0.172222± 0.000032 0.17161± 0.00098

TABLE IV. Posterior distributions for the global fit to all EWPO in the NP scenarios discussed in the text. For the reader’s
convenience we also report experimental data in the first column. The measurements interpreted as determinations of the
e↵ective leptonic weak mixing angle, namely sin2 ✓lepte↵ (Qhad

FB ) and sin2 ✓lepte↵ (HC), are not included in the SMEFT fits.

changes in their correlations as well as mild changes, of
order ten percent, in their uncertainties, whereas the cen-
tral values of the Wilson coe�cients stay approximately
the same. The posterior for the EWPO in this case is
also reported in Tables IV and IX.

In conclusion, recent measurements of mt [1] and
MW [2] are introducing some tensions in global fits of
EW precision observables. In this Letter we have stud-
ied their impact on electroweak precision fits both in the
SM and in some prototype scenarios of NP beyond the
SM. Future EW precision measurements at both the LHC
and the HL-LHC will add to this picture and contribute
to confirm or resolve potential tensions in the SM.
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APPENDIX ON THE CONSERVATIVE AVERAGE

SCENARIO

In this appendix we present the results of our analy-
sis in the conservative average scenario for mt and MW .
Figure 3 presents the posteriors for di↵erent fits in the
mt vs MW and sin2 ✓lepte↵ vs MW planes in the SM. Re-
sults of SM fits are reported in Table VI, while Figure 4
and Table VII present results obtained in the scenario
with dominant oblique NP contributions, and Table VIII
presents the corresponding results for the SMEFT. Pos-
teriors for all EWPO in the NP scenarios considered are
reported in Table IX.
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Figure 3: (Left) 1D probability distribution for kV derived from EWPD. (Center) Comparison of the 68%
and 95% probability contours for rescaled Higgs couplings to fermions (k f ) and vector bosons (kV ), from
EWPO and Higgs signal strengths (see [1] for details). (Right) Expected sensitivities to kV at future collid-
ers. Different shades of the same colour correspond to results including or neglecting the future theoretical
uncertainties.

We also find a preference for kV > 1, with 90% of probability. This imposes significant constraints
on composite Higgs models, which generate values of kV < 1, unless extra contributions to the
oblique parameters are present. It is noteworthy that, as can be seen in the central panel of Fig. 3,
the EWPO constraints still dominate the LHC run 1 bounds from Higgs signal strengths [1].

Finally, we consider the general parametrization of NP effects using the SM effective field
theory up to dimension 6. Assuming that the fields and symmetries of nature at energies below
a given cutoff L are those of the SM, the most general Lorentz and SM gauge invariant theory
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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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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 ⌘
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. (17)

For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:
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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
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and Yukawa interactions no longer holds and these are two sets of independent
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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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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:
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For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:
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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
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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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. (15)
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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
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)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
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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
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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
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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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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:
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For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:
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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
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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
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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
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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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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:
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For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:
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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
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these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
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Ci, the sensitivity will be reported directly on the parameter.
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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
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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:

�̂g`
W

= �̂g⌫
Z,L

� �̂ge
Z,L

, �̂gq
W,L

= �̂gu
Z,L

VCKM � VCKM�̂gd
Z,L

, (14)

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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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:
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For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:
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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
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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
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we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM
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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
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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
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knowledge of EW interactions
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(In any case, enough precision to clarify current tensions in the EW fit: AFBb)
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Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming perfect
EW measurements in the constrained-�H fit. See text for details. Results are only shown
for Higgs couplings and aTGCs with ratios noticeably larger than one. For CEPC/FCC-ee,
we also show (with the thin “T” lines) the results without the improved measurements of
the EWPO that would be possible at the future Z-pole runs.

order and SM predictions are computed including the future projected uncertainties
associated to the SM input parameters in the {↵,MZ , GF ,mt,mH} scheme. See
Section 5.1 for more details on the latter and a discussion on the impact of other SM
uncertainties.

For the constrained-�H fit, the outcome of this analysis is similar to that presented
in Ref. [25], with the exception of the CEPC results where one observes the expected
improvement in the sensitivity to Higgs couplings derived from the increase in the
luminosity at 240 GeV, together with the addition of the new set of measurements
that would be possible at 360 GeV. The sensitivity to the aTGC via the optimal
observable analysis presented in Section 4.5 is also di↵erent compared to Ref. [25], as
we now use all W decay channels (as opposed to only the semi-leptonic channel), but
we also use a slightly more conservative selection e�ciency, consider cuts not included
in [25], and account for systematic e↵ects associated to the knowledge of the e↵ective
beam polarization or the luminosity.

For the free-�H fit, it is essential to have a model independent determination of the
Higgs width, without which the Higgs couplings could not be constrained. Clearly,
the e+e� colliders have the advantage of the inclusive HZ measurements, while a
125GeV muon collider is able to directly measure the Higgs width with a threshold
scan. There is a potential at the HL-LHC to determine the Higgs total width using
o↵-shell Higgs measurements [36,37] with an uncertainty of 0.75 MeV [38,39]∗. This
piece of input has not been included in the global fit since the full EFT treatment for
this measurement is not yet available [40].

It is worth noting that, in a global SMEFT framework, the EW measurements are
also relevant for the Higgs coupling determination, since they constrain many EW
parameters that could also enter the Higgs processes. To illustrate this, we show in
Fig. 4 the ratios of the measurement precision to the one obtained assuming perfect
EW measurements for the Higgs couplings and aTGCs. This perfect EW scenario

∗This uncertainty is likely to be improved once the WW channel is employed in addition to the
current ZZ analyses.
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Model Pred. MW [GeV] Pull Pred. MW [GeV] Pull

standard average conservative average
SM 80.3499± 0.0056 6.5 � 80.3505± 0.0077 3.7 �
ST 80.366± 0.029 1.6 � 80.367± 0.029 1.4 �
STU 80.32± 0.54 0.2 � 80.32± 0.54 0.2 �

SMEFT 80.66± 1.68 �0.1 � 80.66± 1.68 �0.1 �

Table 1: Predictions and pulls for MW in the SM, in the oblique NP models and in the SMEFT,

using the standard and conservative averaging scenarios. The predictions are obtained without

using the experimental information on MW . See text for more details.
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• Precision Flavor Physics: 

• E.g. B physics:

What can we do with future EW measurements?

5×1012 Z
~3.4% Z→ττ

~15% Z→bb

FCC-ee potential to measure B-physics observables

   Javier Fuentes-Martín | Opportunities for flavor physics at future e+ e- EW/Higgs/Top factories 18

[ Table from S. Monteil ]

The huge sample in a clean environment should also allow to study other  transitions 
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Models based on minimally-broken  (Yukawa-like) symmetry predictU(2)5 [ Barbieri et al. 1105.2296 ]
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• Precision Experiment vs. Theory

• Theory challenges

✓ EW & QCD-EW 3-loop + leading 4 
loop (Yt enhanced)

• Even accounting for future progress, SM 
theory uncertainties will have an impact 
on BSM interpretation of EWPO

• Parametric uncertainties (αem) expected 
to have similar effect
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Figure 17. (Left) 2-σ regions in the S − T plane at the different future colliders, combined with
the HL-LHC (including also the LEP/SLD EWPO programme). We express the results in terms
of the usually normalised parameters: S = 4 sin2 θwŜ/α and T = T̂ /α. The results include the
future projected parametric uncertainties in the SM predictions of the different EWPO, but not the
intrinsic ones. (Right) The same illustrating the impact of neglecting such intrinsic theory errors.
For each project (including the Giga-Z option for linear colliders) the solid regions show the results
in the left panel, to be compared with the regions bounded by the dashed lines, which include the
full projected theory uncertainty.

finally, also assuming that parametric uncertainties become subdominant (No ThPar+Intr

Unc.). Since several of the SM EW inputs are to be measured at the future collider under

consideration, the latter scenario goes beyond the physics potential of these machines. This

scenario is presented only to illustrate whether the precision of the measurements of such

inputs can become a limiting factor in terms of the reach of Ŝ and T̂ . This seems to be

the case for the circular colliders and, to a less extent, the linear collider Giga-Z options.

– 84 –

JB et al., JHEP 01 (2020) 139

Physics at the Z pole – central EW precision (pseudo-)observables
FCC-ee: Freitas et al., 1906.05379; ILC: Moortgat-Pick et al., 1504.01726

experimental accuracy intrinsic th. unc. parametric unc.
current ILC FCC-ee current prospect prospect source

�MZ[MeV] 2.1 � 0.1

��Z[MeV] 2.3 1 0.1 0.4 0.15 0.1 ↵s

� sin2 ✓`e↵ [10
�5] 23 1.3 0.6 4.5 1.5 2(1) �↵had

�Rb[10
�5] 66 14 6 11 5 1 ↵s

�R`[10
�3] 25 3 1 6 1.5 1.3 ↵s

Parametric uncertainties of EW pseudo-observables:

I QCD:
⇧ most important: �↵s ⇠ 0.00015 @ FCC-ee?

,! ↵s from EW POs competitive ) cross-check with other results!
⇧ quark masses mt, mb, mc

I �↵had: �(�↵had) ⇠ 5(3)⇥ 10�5 for/from FCC-ee?
⇧ new exp. results from BES III / Belle II on e

+
e
�
! hadrons

⇧ �↵had from fit to radiative return e
+
e
�
! � + hadrons

I other EW parameters: MZ, MW, MH less critical (improved at ILC/FCC-ee)

S.Dittmaier Physics Landscape 2nd ECFA Workshop on e+e– . . . , Paestum, Oct 2023 43

A. Freitas et al., arXiv: 1906.05379 [hep-ph]
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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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W
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VCKM � VCKM�̂gd
Z,L

, (14)

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

ge↵ 2
HX

⌘
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H!X

. (15)
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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
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⌘
(�̂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
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Table 3. New vector bosons contributing to the dimension-six SMEFT at tree level.

new fields of different spin, and Lmixed contains terms of dimension d  4 involving products
of extra fields of different spin. In writing the dimension-five interactions with the heavy
particles we remove redundant operators by using the SM equations of motion. The dots
indicate terms that do not contribute in our approximation.

The extra fields can have kinetic or mass mixing with the a priori SM ones if they
share the same quantum numbers. However, field rotations and rescalings can always be
performed in such a way that all the kinetic terms in LBSM are diagonal and canonical
and all the mass terms are diagonal in the electroweak symmetric phase. All our equations
are written with this choice of fields (except for the mixing of � and possible scalars '

with L1, see footnote 8). Furthermore, we assume that no fields get a non-trivial gauge-
invariant vacuum expectation value in the symmetric phase. This can always be achieved
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Name N E �1 �3 ⌃ ⌃1

Irrep (1, 1)0 (1, 1)�1 (1, 2)� 1
2

(1, 2)� 3
2

(1, 3)0 (1, 3)�1

Name U D Q1 Q5 Q7 T1 T2

Irrep (3, 1) 2
3

(3, 1)� 1
3

(3, 2) 1
6

(3, 2)� 5
6

(3, 2) 7
6

(3, 3)� 1
3

(3, 3) 2
3

Table 2. New vector-like fermions contributing to the dimension-six SMEFT at tree level.

Name B B1 W W1 G G1 H L1

Irrep (1, 1)0 (1, 1)1 (1, 3)0 (1, 3)1 (8, 1)0 (8, 1)1 (8, 3)0 (1, 2) 1
2

Name L3 U2 U5 Q1 Q5 X Y1 Y5

Irrep (1, 2)� 3
2

(3, 1) 2
3

(3, 1) 5
3

(3, 2) 1
6

(3, 2)� 5
6

(3, 3) 2
3

(6̄, 2) 1
6

(6̄, 2)� 5
6

Table 3. New vector bosons contributing to the dimension-six SMEFT at tree level.

new fields of different spin, and Lmixed contains terms of dimension d  4 involving products
of extra fields of different spin. In writing the dimension-five interactions with the heavy
particles we remove redundant operators by using the SM equations of motion. The dots
indicate terms that do not contribute in our approximation.

The extra fields can have kinetic or mass mixing with the a priori SM ones if they
share the same quantum numbers. However, field rotations and rescalings can always be
performed in such a way that all the kinetic terms in LBSM are diagonal and canonical
and all the mass terms are diagonal in the electroweak symmetric phase. All our equations
are written with this choice of fields (except for the mixing of � and possible scalars '

with L1, see footnote 8). Furthermore, we assume that no fields get a non-trivial gauge-
invariant vacuum expectation value in the symmetric phase. This can always be achieved

– 7 –

19 spin 0

13 spin 1/2

17 spin 1
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E. Celada et al., arXiv: 2404.12809 [hep-ph]
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Figure 5.1. The 95% CL lower bounds on the heavy particle mass MUV for the one-particle UV-completions of the
SM considered in this work, matched to the SMEFT using tree-level relations. In all cases we include corrections up to
quadratic order in the EFT expansion. From top to bottom, we display results for models with heavy scalars, heavy
fermions, and heavy vector bosons, see Table 5.1 for the definition of each model. We present results for SMEFT
analyses based on the current dataset (LEP+LHCRunII), then for its extension first with HL-LHC projections, and
subsequently with the full set of FCC-ee observables. We consider two scenarios for the UV coupling constants,
gUV = 1 (darker) and gUV = 4⇡ (lighter). Note the logarithmic scale of the y-axis.
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PRELIMINARY

Good complementarity between EWPO-Higgs even  
for models where Higgs is the source of LO constraints
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R
G

E

FCC-ee projections: scalars

27

Weakest constraints on states 
which couple only to quarks

Allwicher, McCullough, SR, w.i.p

 quartets: finite one-loop 
contributions to T parameter

SU(2)L

Durieux, McCullough, Salvioni, 2209.00666

 triplet: ?SU(2)L

: turning off a coupling to Higgs( * )

 singlet: no finite 1-loop 
contributions

SU(2)L
S. Ellis & al, 1706.07765 
Jiang & al, 1811.08878 

Haisch & al, 2003.05936

None of these contribute at tree level to EWPO

Alwicher, McCullough, Renner, W.I.P.

Z-pole precision enables sensitivity to effects via mixing
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Summary

• EW/Higgs physics at future e+e- colliders will bring a giant step forward with 
respect to LEP/SLD/HL-LHC:

✓ Increase precision x10 → per-mile level in Higgs couplings (not ratios)

✓ Access to interactions not easy or impossible to access at HL-LHC: 

‣ E.g. charm Yukawa, strange Yukawa? electron Yukawa?

✓ Higgs width with 1% precision

✓ Great power to testing BSM scenarios indirectly

• Higgs and EW precision are highly complementary: important for 
interpretation of measurements 

• Precision experiments needs precision theory!

• There is a clear physics case for a future program of precision measurements 
at future e+e- colliders. They could give a hint of where NP may be hiding… 

• Even if no significant deviation is seen, precision measurements at low-energy 
EW/Higgs factories will help to optimize/guide measurements/direct searches:

✓ Future hadron colliders

✓ High-energy phase of e+e- colliders
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