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• 10+ yrs after its discovery, the 125 GeV Higgs boson remains as 
the biggest achievement of the LHC
✓ It finally proves the existence of the last ingredient required to fully test the 

validity of the SM at low energies…
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• 10+ yrs after its discovery, the 125 GeV Higgs boson remains as 
the biggest achievement of the LHC
✓ It finally proves the existence of the last ingredient required to fully test the 

validity of the SM at low energies…

✓ …and at the same time reminds us of the limitations of the SM…
‣ How do we understand the mechanism of EWSB?
‣ Hierarchy problem: Why                   ?
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• In particular,  the Higgs is connected to many interesting/relevant BSM questions:
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FIG. 1: The Higgs boson as the keystone of the Standard Model is connected to numerous fundamental questions that can be
investigated by studying it in detail.

References 40

I. ABSTRACT

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

II. WHY THE HIGGS IS THE MOST IMPORTANT PARTICLE

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

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

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

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

arXiv: 2209.07510 [hep-ph]

Jorge de Blas 
Univ. of Granada 4ICEPP, The University of Tokyo Seminar 
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But where is the New Physics hiding?
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• But the Higgs is the only “new” physics we have found so far…
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → #νqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ## 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass

SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ → #νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT W ′ →WZ → #ν #′#′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 ATLAS-CONF-2022-005340 GeVW′ mass

HVT W ′ →WH model B 0 e, µ ≥1 b, ≥2 J 139 gV = 3 2007.052933.2 TeVW′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ##qq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.1 TeVmmed

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036560 GeVmmed

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 2108.076651.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

Vector LQ 3rd gen 1 τ 2 b Yes 139 B(LQV
3 → bτ) = 0.5, Y-M coupl. 2108.076651.77 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet ATLAS-CONF-2021-0241.4 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass

VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass
Excited lepton #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ## 2,3,4 e,µ (SS) − − 139 DY production ATLAS-CONF-2022-0101.08 TeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: March 2022

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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• …and (almost) everything we have measured agrees well with the SM…
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• …and (almost) everything we have measured agrees well with the SM…
(Before April 2022)

Overall consistency of the SM fit at 1σ
p-value: 0.45 
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R

0
b 0.21629± 0.00066 0.21562± 0.00035 0.9 0.21588± 0.00010 0.6 0.21588± 0.00011 0.6

R
0
c 0.1721± 0.0030 0.17233± 0.00017 �0.1 0.172199± 0.000054 0.0 0.172198± 0.000055 0.0

A
0,b
FB 0.0996± 0.0016 0.10334± 0.00077 �2.1 0.10300± 0.00034 �2.1 0.10300± 0.00037 �2.1

A
0,c
FB 0.0707± 0.0035 0.07386± 0.00059 �0.9 0.07359± 0.00026 �0.8 0.07358± 0.00028 �0.8

Ab 0.923± 0.020 0.93468± 0.00016 �0.6 0.934726± 0.000041 �0.6 0.934727± 0.000041 �0.6
Ac 0.670± 0.027 0.66805± 0.00048 0.1 0.66774± 0.00022 0.1 0.66774± 0.00025 0.1
As 0.895± 0.091 0.935693± 0.000088 �0.4 0.935637± 0.000041 �0.4 0.935637± 0.000045 �0.4

sin2
✓
lept
e↵ (HC) 0.23143± 0.00025 0.23147± 0.00014 �0.1 0.231533± 0.000062 �0.4 0.231534± 0.000067 �0.4

Ruc 0.1660± 0.0090 0.17236± 0.00017 �0.7 0.172221± 0.000032 �0.7 0.172221± 0.000034 �0.7

TABLE V. Results of the full indirect determination of SM parameters using only EWPD (third column) and of the full
prediction for EWPO using only information on SM parameters, in the standard (fourth column) and conservative (fifth
column) scenarios. For comparison, the input values are reported in the second column. See the text for details.

agreement between the lattice determination and the EW fit persists when the updated lattice value corresponding to
the value of the hadronic vacuum polarization recently published in Ref. [74] is released. The indirect determination
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• In particular,  the Higgs is connected to many interesting/relevant BSM questions:

• Higgs couplings modifications can tell us about BSM and the LHC is the only 
current experiment which can directly test the Higgs sector…

Introduction

BSM scenarios dealing with these questions typically introduce  
modifications of the Higgs properties → Indirect tests of new physics
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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.
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Introduction
• …but the O(10%) precision at the LHC gives limited information:

• Higgs couplings also provide information about Naturalness
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 ⇒ Higgs precision physics is a key tool to learn from BSM
 ⇒ Need of an e+e- Higgs factory
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• Future collider projects:  The Intensity/Energy frontier
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• The problem is, in the search of new physics, we no longer have guidance:        

The Higgs was “expected” within the SM, we knew what to look for…
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But Future Collider physics will be an exploration of the unknown…
If there is new physics not far from the TeV it may be  

of a form we have not though of ⇒ Model-independent approach
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But Future Collider physics will be an exploration of the unknown…
If there is new physics not far from the TeV it may be  

of a form we have not though of ⇒ Model-independent approach

Theoretically robust framework to systematically study  
indirect effects of new physics in model-independent way and combine  

all the information from different measurements

Effective Field Theories

UV IR

Λ vEWE≪Λ

We don’t need to know this to describe the physics here
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• Effective Field Theories for indirect tests of new physics

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

Figure 1-32. Dilepton backgrounds and the

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

after 3000 fb
�1

.

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

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

after 3000 fb
�1

.

1.5.2 Run 2 of the Future Collider

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

p
s = 33 TeV to

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

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

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

p
s = 14 TeV, seeing a

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

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

1.5.3 The
p
s = 33 TeV Experiment Aftermath

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

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

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

Community Planning Study: Snowmass 2013
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What indirect searches look for

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

“deformations” in SM measurements

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

3.2 Effective description of new vector bosons 71
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gψ3ψ4
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V

V µ

gφ
V

Φ†

φ

W a
µ ,Bµ

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

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

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

do not contribute to the effective Lagrangian up to dimension six, and can be ignored. The result
Eq. (3.2) includes a few operators that are not in the basis introduced in Table 1.8. In order to
compare with previous work, it is convenient to express the result in our basis, performing some
Fierz reorderings and field redefinitions (equivalent to the use of the SM EOM on the dimension-six
operators). The final result can then be written as

LV
6 = −

ηV

2M2
V

(JV
µ )†JV µ =

∑∑∑

i

αi
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V gφ
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[Φ† ⊗Dµφ]RV [Dµφ† ⊗Φ]RV

gφ
V gψ1ψ2

V

M2
V

[Φ† ⊗Dµφ]RV [ψ1 ⊗ γµψ2]RV

where Oi are the operators collected in Table 1.8, and αi their dimensionless numerical coeffi-
cients. It is clear from the general expression Eq. (3.2), and also from the Feynman diagrams in
Fig. 3.1, that the terms in the effective Lagrangian can be of three basic forms:

1. Four fermions :
g
ψ1ψ2
V g

ψ3ψ4
V

M2
V

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

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

Ecoll

(e.g Z’ effects in dilepton spectrum)

No resonance  
but ≠ SM
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Effective Field Theories for BSM physics

ICEPP, The University of Tokyo Seminar 
December 5, 2023

• The philosophy of Effective Field Theories:

• We are interested in exploring BSM deformations without being “attached” to 
any particular model (no reason to do so)… What is reasonable to assume? 

✓ QFT

✓ At low-energies the particle content seem to match the SM one
‣ No new particles with masses ~ vEW showing up in direct searches

(Though this possibility cannot be completely excluded and much       
lighter particles also possible)

✓ Similarly, SM gauge invariance seems to work well…  
(With respect to current precision… )

• This (+ a power counting rule) is actually enough to build an Effective Field 
Theory, which provides a robust theory framework to interpret experimental 
indirect tests of new physics

UV IR

Λ vEWE≪Λ

We don’t need to know this to describe the physics here
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• SMEFT: general, theoretically consistent, QFT description of BSM effects for 
E≪Λ (EFT cutoff) with minimal assumptions: 

• Mass gap with new physics: Λ≫v (justified by absence of new particles in 
direct searches)
⇒ Low-energy particles & symmetries:  SM (Higgs in 2~SU(2)L)

• Power counting: Decoupling NP. New effects → 0 as Λ→∞
⇒ Expansion of BSM effects in 1/Λ

UV IR

Λ vEWE≪Λ

to describe the physics here

The Standard Model Effective Field Theory (SMEFT)

Low Energy observables:
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)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.
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Leading Order (LO) Beyond the SM effects (assuming B & L)  
                    ⇒ Dim-6 SMEFT: 2499 operators

ICEPP, The University of Tokyo Seminar 
December 5, 2023
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The dimension-6 SMEFT

ICEPP, The University of Tokyo Seminar 
December 5, 2023

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

3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

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

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

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

constraint on O
(3)
�q

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

• O

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

3

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

3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

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

4

Operator Notation Operator Notation

L
L
L
L

�
lL�µlL

� �
lL�

µ
lL

�
O

(1)
ll

(qL�µqL) (qL�µ
qL) O

(1)
qq (qL�µTAqL) (qL�µ

TAqL) O
(8)
qq�

lL�µlL

�
(qL�µ

qL) O
(1)
lq

�
lL�µ�alL

�
(qL�µ

�aqL) O
(3)
lq

R
R
R
R

(eR�µeR) (eR�µ
eR) Oee

(uR�µuR) (uR�
µ
uR) O

(1)
uu

�
dR�µdR

� �
dR�

µ
dR

�
O

(1)
dd

(uR�µuR)
�
dR�

µ
dR

�
O

(1)
ud

(uR�µTAuR)
�
dR�

µ
TAdR

�
O

(8)
ud

(eR�µeR) (uR�
µ
uR) Oeu (eR�µeR)

�
dR�

µ
dR

�
Oed

L
L
R
R

&
L
R
R
L

�
lL�µlL

�
(eR�µ

eR) Ole (qL�µqL) (eR�µ
eR) Oqe�

lL�µlL

�
(uR�

µ
uR) Olu

�
lL�µlL

� �
dR�

µ
dR

�
Old

(qL�µqL) (uR�
µ
uR) O

(1)
qu (qL�µTAqL) (uR�

µ
TAuR) O

(8)
qu

(qL�µqL)
�
dR�

µ
dR

�
O

(1)
qd

(qL�µTAqL)
�
dR�

µ
TAdR

�
O

(8)
qd�

lLeR

� �
dRqL

�
Oledq

L
R
L
R (qLuR) i�2 (qLdR)

T
O

(1)
qud

(qLTAuR) i�2 (qLTAdR)
T

O
(8)
qud�

lLeR

�
i�2 (qLuR)

T
Olequ

�
lLuR

�
i�2 (qLeR)

T
Oqelu

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

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

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

constraint on O
(3)
�q

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

• O

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

3

Warsaw basis operators (Ignoring flavour)

Fine… But what do we do with all this?…

How do we use EFTs as a tool for indirect searches?
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• LO SMEFT Lagrangian (assuming B & L) ⇒ Dim-6 SMEFT: 2499 operators
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Table 2: Operators in the (CP , B and L preserving) dimension-six basis, excluding
four-fermion interactions (see Table 1. used by NPhytter . Flavour indices are om-
mited.

3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

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

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

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

constraint on O
(3)
�q

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

• O

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

3

CP-even dim 6 ops. interfering with SM

EWPO EW diboson Top (Had. Coll., Lept. Coll.)

Warsaw basis operators (Ignoring flavour)

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

3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

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

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

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

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

constraint on O
(3)
�q

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

• O

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

3

CP-even dim 6 ops. interfering with SM

EWPO EW diboson Top (Had. Coll., Lept. Coll.)

Warsaw basis operators (Ignoring flavour)

Higgs

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

3 The global fit to new physics at dimension six

3.1 Assumptions about the flavour structure

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

4

Operator Notation Operator Notation

L
L
L
L

�
lL�µlL

� �
lL�

µ
lL

�
O

(1)
ll

(qL�µqL) (qL�µ
qL) O

(1)
qq (qL�µTAqL) (qL�µ

TAqL) O
(8)
qq�

lL�µlL

�
(qL�µ

qL) O
(1)
lq

�
lL�µ�alL

�
(qL�µ

�aqL) O
(3)
lq

R
R
R
R

(eR�µeR) (eR�µ
eR) Oee

(uR�µuR) (uR�
µ
uR) O

(1)
uu

�
dR�µdR

� �
dR�

µ
dR

�
O

(1)
dd

(uR�µuR)
�
dR�

µ
dR

�
O

(1)
ud

(uR�µTAuR)
�
dR�

µ
TAdR

�
O

(8)
ud

(eR�µeR) (uR�
µ
uR) Oeu (eR�µeR)

�
dR�

µ
dR

�
Oed

L
L
R
R

&
L
R
R
L

�
lL�µlL

�
(eR�µ

eR) Ole (qL�µqL) (eR�µ
eR) Oqe�

lL�µlL

�
(uR�

µ
uR) Olu

�
lL�µlL

� �
dR�

µ
dR

�
Old

(qL�µqL) (uR�
µ
uR) O

(1)
qu (qL�µTAqL) (uR�

µ
TAuR) O

(8)
qu

(qL�µqL)
�
dR�

µ
dR

�
O

(1)
qd

(qL�µTAqL)
�
dR�

µ
TAdR

�
O

(8)
qd�

lLeR

� �
dRqL

�
Oledq

L
R
L
R (qLuR) i�2 (qLdR)

T
O

(1)
qud

(qLTAuR) i�2 (qLTAdR)
T

O
(8)
qud�

lLeR

�
i�2 (qLuR)

T
Olequ

�
lLuR

�
i�2 (qLeR)

T
Oqelu

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

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

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

constraint on O
(3)
�q

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

• O

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

3

CP-even dim 6 ops. interfering with SM

EWPO EW diboson Top (Had. Coll., Lept. Coll.)

Warsaw basis operators (Ignoring flavour)

Higgs

We will focus on these sectors

Only a relatively small subset is relevant for the description 
of EW and Higgs measurements

~O(20-30) operators depending on flavour assumptions
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• SMEFT in the mass eigenstate basis (unitary gauge). LO EW/Higgs interactions:

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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while lz, is an independent parameter.

– Yukawa couplings:
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where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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where, again, not all terms are independent3:
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L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:
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Dµ and
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Dµ sa, while Bµn , W a
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µn denote the SM gauge boson field-strengths. See text for

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

��
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�
, which modifies the prediction for

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

�
Ofu

�
ij (f †i

$
Dµ f)(d̄i

Rgµ dj
R)

�
Ofd

�
ij

(f̃ †iDµ f)(ūi
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:
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– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
v f f ,hv f f
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2
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where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�
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q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

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

��
l̄2gµ l1

�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:
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µ W�n + igcosqw


dg1Z (W+

µnW�µ �W�µnW+µ)Zn +(dg1Z�
g0 2

g2 dkg)ZµnW+
µ W�n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (5)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
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• SMEFT in the mass eigenstate basis (unitary gauge). LO EW/Higgs interactions:
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– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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while lz, is an independent parameter.

– Yukawa couplings:
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hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

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

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:

DL
hVV

6 =
h
v


2dcw m2

WW+
µ W�

µ +dcz m2
ZZµ Zµ + cw⇤ g2 �W�

µ ∂nW+
µn +h.c.

�
+ cz⇤ g2Zµ ∂n Zµn + cg⇤ gg0Zµ ∂n Aµn

+cww
g2

2
W+

µnW�
µn + cgg

g2
s

4
Ga

µn Ga
µn + cgg

e2

4
Aµn Aµn + czg

e
p

g2 +g0 2

2
Zµn Aµn + czz

g2 +g0 2

4
Zµn Zµn

#
,
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– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�
n + igcosqw


dg1Z (W+

µnW�µ �W�
µnW+µ)Zn +(dg1Z �

g0 2

g2 dkg)ZµnW+
µ W�

n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (6)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2 �g0 2)

⇥
cgg e2g0 2 + czg(g2 �g0 2)g0 2 � czz(g2 +g0 2)g0 2 � cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2 + czg
g2 �g0 2

g2 +g0 2 � czz

◆
, (7)

while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:

DL
v f f ,hv f f

6 =
gp
2

✓
1+2

h
v

◆
W+

µ

⇣
d̂gW`

L n̄ ḡµ e+ d̂gWq
L ūgµ d + d̂gWq

R ūgµ d +h.c.
⌘

+
p

g2 +g0 2
✓

1+2
h
v

◆
Zµ

"

Â
f =u,d,e,n

d̂gZ f
L f̄ gµ f + Â

f =u,d,e
d̂gZ f

R f̄ gµ f

#
, (9)

where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:

SMEFTFU ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyu, dyd, dye, lz
 

+
�

dgZu
L ,dgZd

L ,dgZn
L ,dgZe

L ,dgZu
R ,dgZd

R ,dgZe
R
 

,

SMEFTND ⌘
�

dm, cgg, dcz, cgg , czg , czz, cz⇤, dyt, dyc, dyb, dyt , dyµ , lz
 

+
�
(dgZu

L )qi ,(dgZd
L )qi ,(dgZn

L )`,(dgZe
L )`,(dgZu

R )qi ,(dgZd
R )qi ,(dgZe

R )`
 

q1=q2 6=q3, `=e,µ,t .

While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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H
V

V
aT

G
C

H
ff

V
ff 

&
 H

V
ff

Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
$
D and

$
D a are defined as:

$
Dµ ⌘ Dµ �

 
Dµ and

$
D a

µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

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

��
l̄2gµ l1

�
, which modifies the prediction for

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

Operator Notation Operator Notation

C
la

ss
1

X3 eabcWan
µ Wbr

n Wc µ
r OW

f 6 �
f †f

�3
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⇤
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f †Dµ f
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((Dµ f)† f) OfD
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C
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ss
2
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(l̄iLfej
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�
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�
ij�
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�
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Lfdj
R)

�
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�
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f †f

�
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Lf̃uj
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�
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�
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C
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3
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(f †i
$
Dµ f)(l̄iLgµ ljL)

⇣
O

(1)
f l

⌘

ij
(f †i

$
D a

µ f)(l̄iLgµ saljL) (O(3)
f l )ij

(f †i
$
Dµ f)(ēi

Rgµ ej
R)

�
Ofe

�
ij

(f †i
$
Dµ f)(q̄i

Lgµ qj
L) (O(1)

fq )ij (f †i
$
D a

µ f)(q̄i
Lgµ saqj

L) (O(3)
fq )ij

(f †i
$
Dµ f)(ūi
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�
Ofu

�
ij (f †i

$
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�
Ofd
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�
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�
ij

G
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��
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�

(Oll)1221

where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,

cw⇤ =
1

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

⇤
,

cg⇤ =
1

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

⇤
, (4)

where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�n + igcosqw


dg1Z (W+

µnW�µ �W�µnW+µ)Zn +(dg1Z�
g0 2

g2 dkg)ZµnW+
µ W�n

�

+
iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (5)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2�g0 2)

⇥
cgg e2g0 2 + czg(g2�g0 2)g0 2� czz(g2 +g0 2)g0 2� cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2
+ czg

g2�g0 2

g2 +g0 2
� czz

◆
, (6)
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Richer structure of hVV interactions than SM

hVff  contact interactions (not in SM)
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Vff hVff 

aTGC HVV

Use EWPO (Z-pole) to constrain hZff interactions (Higgs)

Use di-Boson (aTGC) to constrain 
 hVV interactions (Higgs) 

(or viceversa)

A. Falkowski et al., PRL 116 (2016) 011801

2

We derive constraints on the aTGCs from the com-
bined LHC Higgs data and LEP-2 WW data sets. In
our analysis, all D=6 operators a↵ecting Higgs couplings
to matter and gauge boson self-couplings are allowed to
be simultaneously present with arbitrary coe�cients, as-
suming minimal flavor violation (MFV) [12]. In the Higgs
basis [13] these parameters are [14]:

�cz, czz, cz⇤, c�� , cz� , cgg, �yu, �yd, �ye, �z. (2)

Note that the dependence of the EFT cuto↵ ⇤ is in-
cluded in the operator coe�cients. The relation of these
parameters to the interaction terms in the e↵ective La-
grangian, as well as the relation to the aTGCs, can be
found in Ref. [13]. Furthermore, we only take into ac-
count linear corrections in the Wilson coe�cients, thus
working consistently at the O(⇤�2) in the EFT expan-
sion. Note that, since di↵erent bases of D = 6 operators
in the literature di↵er by O(⇤�4) terms corresponding
to D > 6 operators, only results obtained consistently at
O(⇤�2) are basis-independent [15]. For the WW data, we
use the measured total and di↵erential e+e� ! W

+
W

�

cross sections di↵erent center-of-mass energies listed in
Ref. [5]. These cross sections depend on a number of
EFT parameters in addition to the aTGCs, in particular
on the ones inducing corrections to Z and W propagators
and couplings to electrons. However, given the model-
independent electroweak precision constraints [16], these
measurements can e↵ectively constrain 3 linear combina-
tions of Wilson coe�cients of D=6 operators that corre-
spond to the aTGCs [7]. We use this dependence to con-
struct the 3D likelihood function �

2

WW
(�g1,z, �� , �z).

For the LHC Higgs data, we use the signal strength ob-
servables, that is, the ratio between the measured Higgs
yield and its SM prediction µ ⌘ (� ⇥ BR)/(� ⇥ BR)SM,
listed in Table I, separated according to the final state
and the production mode. The e↵ect of D=6 opera-
tors on µ was calculated for each channel and produc-
tion mode in Ref. [14] and independently cross-checked
here. After imposing electroweak precision constraints,
9 linear combinations of D=6 operators can a↵ect µ in
an observable way [3, 17]. The crucial point is that 2 of
these combinations correspond to the aTGCs �g1,z, �� .
Therefore, the likelihood function constructed from LHC
Higgs data, �

2

h
(�g1,z, �� , . . . ), may lead to additional

constraints on aTGCs. Indeed, combining the likelihoods
�
2

comb.
= �

2

h
+ �

2

WW
we obtain strong constraints on the

aTGCs at the level of O(0.1). Namely, we obtain the
likelihood for the three variables only: �g1,z, �� and �z,
after minimizing at each point the combined likelihood
with respect to the remaining seven Wilson coe�cients.
We find the following central values, 1 � errors, and the

LEP-2 (WW)
Higgs
LEP-2 + Higgs

-1.5 -1.0 -0.5 0.0
-1.0

-0.5

0.0

0.5

1.0

δg1,z

δκγ

FIG. 1. Allowed 68% and 95% CL region in the �g1,z-��

plane after considering LEP-2 WW production data (TGC),
Higgs data, and the combination of both datasets.

correlation matrix for the aTGCs:
0

@
�g1,z

��

�z

1

A =

0

@
0.043± 0.031
0.142± 0.085
�0.162± 0.073

1

A ,

⇢ =

0

@
1 0.74 �0.85

0.74 1 �0.88
�0.85 �0.88 1

1

A .

(3)

These constraints hold in any new physics scenario pre-
dicting approximately flavor blind coe�cients of D=6
operators and in which D > 6 operators are sublead-
ing. Appendix A contains a technical description of our
fit and the constraints for all the 10 combinations of Wil-
son coe�cients entering the analysis. They are given in
di↵erent bases for reader’s convenience.
Let us discuss here qualitatively the most important

elements of our fit. Higgs data are sensitive to �g1,z and
�� primarily via their contribution to electroweak Higgs
production channels. However, only 1 combination of
these 2 aTGCs is strongly constrained, while the bound
on the direction �� ⇡ 3.8�g1,z is very weak. Analo-
gously, as already discussed, also LEP-2 bounds present
an approximate blind direction. This is illustrated in
Fig. 1, where the WW and Higgs constraints in the �g1,z–
�� plane are shown separately [18]. Since the flat direc-
tions are nearly orthogonal, combining LHC Higgs and
LEP-2 WW data leads to the non-trivial constraints on
aTGCs displayed in Eq. (3).

One could further strengthen the constraints on aT-
GCs by considering the process of single on-shell W bo-
son production in association with an electron and a neu-
trino (e+e� ! WW

⇤
! We⌫) [5], as in Ref. [7]. That

process probes mostly �� but it also a↵ects limits on
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• SMEFT in the mass eigenstate basis (unitary gauge). LO EW/Higgs interactions:
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– Trilinear Gauge Couplings:

DL
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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while lz, is an independent parameter.

– Yukawa couplings:
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v Â
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d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

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

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
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D and

$
D a are defined as:
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Dµ and
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µ ⌘ saDµ �
 
Dµ sa, while Bµn , W a
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µn denote the SM gauge boson field-strengths. See text for

details. Apart from these, the effects of the four-lepton operator (Oll)1221 =
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��
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�
, which modifies the prediction for

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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When considering Higgs data, one can reasonably focus on a relatively small subset of the 2499 operators in L6. In
particular the vast subset of 4-fermion operators, whether flavour and CP preserving or not, can be more strongly constrained by
other processes. Thus, it makes sense to neglect this whole class, with the exception of one particular four-fermion interaction
that contributes to the muon decay and thus directly affects the Fermi constant, see caption in Table 2. The dipole operators,
instead do directly affect Higgs production, however under very general and plausible assumptions on the flavour structure of
new physics, the coefficients of these operators display the same structure and the same chiral suppression of Yukawa couplings.
The consequence is that, with the possible exception of processes involving the top quark, their effect in Higgs production is
expected to be negligible given that the leading SM contribution (for instance in e+e� ! hZ) as well as the other new physics
effects are not chirally suppressed. Furthermore, as far as Higgs decays are concerned, the dipole operators only contribute to
three (or more)-body final states (for instance H ! b̄bg) and as such they are easily seen to be negligible. In what follows we
shall thus neglect this whole class, and leave the consideration of their effect in top sector to future studies. Eliminating these
two classes, there remain three other classes: 1) purely bosonic operators, 2) generalized Yukawas, 3) Higgs-fermion current
operators. Neglecting CP violating operators in class 1, the corresponding structures are shown in Table 2. Operators in class 2
and 3, per se, can still contain CP- or flavour-violating terms, on which experimental constraints are rather strong. In order to
proceed we shall consider two alternative scenarios to minimize the remaining flavour and/or CP violations:

1. Flavour Universality, corresponding to

Y (6)
u µ Yu, Y (6)

d µ Yd , Y (6)
e µ Ye, and Dq,u,d,l,e,ud

i j ,D0q,l
i j ,µ di j, (2)

where Y (6)
f are the coefficients of dimension-6 operators of class 2, which control the flavour structure of the modifications

to the SM Yukawa matrices Yf . Similarly, D f and D0 f represent the combinations of dimension-6 operators of class
3, which induce flavour-dependent modifications of the neutral and charged current couplings of the fermions to the
EW vector bosons. In terms of the Wilson coefficients of the operators in Table 2 one has Y (6)

f = c f f ( f = u,d,e);

D f = cf f for the operators involving the right-handed fermion multiplets ( f = u,d,e,ud); and D f = c(1)
f f , D0 f = c(3)

f f for
the left-handed ones ( f = q, l). The choice in (2) corresponds to Minimal Flavour Violation (MFV) [31] in the limit where
terms only up to linear in the Yukawa matrices are considered. Notice that Minimal Flavour Violation corresponds to the
assumption that the underlying dynamics respects the maximal flavour symmetry group SU(3)5. A more appropriate
name would then perhaps be Maximal Flavour Conservation.

2. Neutral Diagonality, corresponding to a scenario where Y (6)
u,d,e while not proportional to the corresponding Yukawa

matrices are nonetheless diagonal in the same basis. That eliminates all flavour-changing couplings to the Higgs boson.
Similarly the Dq,u,d,`,e,ud

i j ,D0q,`
i j , while not universal, are such that no flavour-changing couplings to the Z-boson are

generated. In fact we shall work under the specific assumption where flavour universality is respected by the first two
quark families, and violated by the third quark family and by leptons. This choice, per se, does not correspond to any
motivated or even plausible scenario (it is rather cumbersome to produce sizeable flavour non-universality without any
flavour violation). We consider it principally to test the essential constraining power of future machines and because it
is widely studied by the community. Moreover non-universality limited to the third quark family is an often recurring
feature of scenarios motivated by the hierarchy problem. That is simply because the large top Yukawa makes it intricately
involved in the EW symmetry breaking dynamics and calls for the existence of various top partners.

Working in the unitary gauge and performing suitable redefinition of fields and input parameters the effective Lagrangian
can be conveniently expressed in the parameterization of [32,33], the so-called Higgs basis. Considering only the terms that are
relevant for our analysis, we can identify five classes of terms

– Higgs trilinear:

DL
h,self

6 = �dl3 vh3. (3)

The impact of this coupling in single Higgs processes and its extraction from Higgs pair production will be discussed in
Section 2.

– Higgs couplings to vector bosons:
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– Trilinear Gauge Couplings:
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where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:
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while lz, is an independent parameter.

– Yukawa couplings:

DL
hff

6 = �h
v Â

f2u,d,e
d̂y f m f f̄ f +h.c., (8)

where d̂y f m f should be thought as 3⇥ 3 matrices in flavour space. FCNC are avoided when d̂y f is diagonal in the same
basis as m f . Under the assumption of Flavour Universality (d̂y f )i j ⌘ dy f ⇥di j, corresponding to a total of three parameters
dyu, dyd , dye. The assumption of Neutral Diagonality corresponds instead to (d̂y f )i j ⌘ d (y f )i ⇥di j (no summation) corre-
sponding to 9 parameters du, dc, dt for the ups and similarly for downs and charged leptons. In practice only dt,c, db and dt,µ
are expected to matter in plausible models and in the experimental situations presented by all future colliders. This adds two
parameters with respect to Flavour Universality.

– Vector couplings to fermions:
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where, again, not all terms are independent3:

d̂gW`
L = d̂gZn

L � d̂gZe
L , d̂gWq

L = d̂gZu
L VCKM �VCKM d̂gZd

L . (10)

In the case of Flavour Universality, all the d̂g are proportional to the identity corresponding to a total of 8 parameters:
(d̂gZu

L )i j ⌘ dgZu
L ⇥ di j, etc. However the right handed charged current, associated to d̂gWq

R does not interfere with the SM
amplitudes in the limit mq ! 0 and can be neglected, reducing the number of parameters to 7.

In the case of Neutral Diagonality, the assumption d̂gi j µ di j is relaxed, allowing for the four coefficients associated to
the third quark family (d̂gZu

L )33, (d̂gZd
L )33, (d̂gZu

R )33, (d̂gZd
R )33 as well as all diagonal coefficients associated to leptons to be

different. This adds 10 further parameters with respect to the flavour Universal case.
In conclusion considering single Higgs and EW processes (i.e. neglecting the Higgs trilinear) in the scenarios of Flavour

Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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While we have chosen to present the degrees of freedom used in the different fitting scenarios described above using the
parameterization of the Higgs basis, one can of course do the same in any other basis. In particular, the mapping between the

3Here we choose a slightly different convention for the dependent couplings with respect to [32,33], and we express everything in terms of the modifications
of the neutral currents.
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Table 2. Dimension six operators considered in the SMEFT analysis. The hermitian derivatives
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D and
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D a are defined as:
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Dµ ⌘ Dµ �

 
Dµ and
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D a
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Dµ sa, while Bµn , W a

µn and GA
µn denote the SM gauge boson field-strengths. See text for

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

the muon decay amplitude, must also be included in the fit since we use the Fermi constant as one of the SM input parameters.
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where only cgg, dcz, cgg , czg , czz, cz⇤ are independent parameters:

dcw = dcz +4dm,

cww = czz +2sin2 qwczg + sin4 qwcgg ,
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where qw denotes the weak mixing angle while dm is an independent parameter from L6 controlling the deviation of m2
W with

respect to its tree level SM value.

– Trilinear Gauge Couplings:

DL
aTGC = iedkg AµnW+

µ W�n + igcosqw


dg1Z (W+

µnW�µ �W�µnW+µ)Zn +(dg1Z�
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µ W�n

�
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iglz

m2
W

⇣
sinqwW+n

µ W�r
n Aµ

r + cosqwW+n
µ W�r

n Zµ
r

⌘
, (5)

where of the three coefficients g1,z and dkg depend on cgg, dcz, cgg , czg , czz, cz⇤:

dg1,z =
1
2
(g2�g0 2)

⇥
cgg e2g0 2 + czg(g2�g0 2)g0 2� czz(g2 +g0 2)g0 2� cz⇤(g2 +g0 2)g2⇤ ,

dkg = �g2

2

✓
cgg

e2

g2 +g0 2
+ czg

g2�g0 2

g2 +g0 2
� czz

◆
, (6)
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• “Many” EFT operators enter in Higgs processes at LO (tree level and O(1/Λ2)): 

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

• In what follows I describe the inputs and the results of the global SMEFT studies 
performed for the 2020 European Strategy Update & Snowmass 2021

“Model-independent” only when including ALL contributing operators

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

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

Top

EW

…Flavour

SMEFT
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VBF:

VH:

ttH:

2 Gluon-Fusion process2

2.1 Higgs-boson production in gluon–gluon fusion
Gluon fusion through a heavy-quark loop [6] (see Fig. 1) is the main production mechanism of the
Standard Model Higgs boson at hadron colliders. When combined with the decay channels H → γγ ,
H → WW, and H → ZZ, this production mechanism is one of the most important for Higgs-boson
searches and studies over the entire mass range, 100 GeV <∼ MH

<∼ 1 TeV, to be investigated at the
LHC.

Ht,b

g

g

Fig. 1: Feynman diagram contributing to gg → H at lowest order.

The dynamics of the gluon-fusion mechanism is controlled by strong interactions. Detailed studies
of the effect of QCD radiative corrections are thus necessary to obtain accurate theoretical predictions.
In QCD perturbation theory, the leading order (LO) contribution [6] to the gluon-fusion cross section
is proportional to α2

s , where αs is the QCD coupling constant. The main contribution arises from the
top quark, due to its large Yukawa coupling to the Higgs boson. The QCD radiative corrections to this
process at next-to-leading order (NLO) have been known for some time, both in the large-mt limit [7,8]
and maintaining the full top- and bottom-quark mass dependence [9, 10]. They increase the LO cross
section by about 80−100% at the LHC. The exact calculation is very well approximated by the large-mt

limit. When the exact Born cross section with the full dependence on the mass of the top quark is used to
normalize the result, the difference between the exact and the approximated NLO cross sections is only
a few percent. The next-to-next-to-leading order (NNLO) corrections have been computed only in this
limit [11–17], leading to an additional increase of the cross section of about 25%. The NNLO calculation
has been consistently improved by resumming the soft-gluon contributions up to NNLL [18]. The result
leads to an additional increase of the cross section of about 7−9% (6−7%) at

√
s = 7 (14) TeV. The

NNLL result is nicely confirmed by the evaluation of the leading soft contributions at N3LO [19–23].
Recent years have seen further progress in the computation of radiative corrections and in the

assessment of their uncertainties. The accuracy of the large-mt approximation at NNLO has been stud-
ied in Refs. [24–29]. These papers have definitely shown that if the Higgs boson is relatively light
(MH

<∼ 300 GeV), the large-mt approximation works extremely well, to better than 1%. As discussed
below, these results allow us to formulate accurate theoretical predictions where the top and bottom loops
are treated exactly up to NLO, and the higher-order corrections to the top contribution are treated in the
large-mt approximation [30].

Considerable work has also been done in the evaluation of electroweak (EW) corrections. Two-
loop EW effects are now known [31–35]. They increase the cross section by a factor that strongly
depends on the Higgs-boson mass, changing from +5% for MH = 120 GeV to about −2% for MH =
300 GeV [35]. The main uncertainty in the EW analysis comes from the fact that it is not obvious how to
combine them with the large QCD corrections. In the partial factorization scheme of Ref. [35] the EW
correction applies only to the LO result. In the complete factorization scheme, the EW correction instead
multiplies the full QCD-corrected cross section. Since QCD corrections are sizeable, this choice has a
non-negligible effect on the actual impact of EW corrections in the computation. The computation of the
dominant mixed QCD–EW effects due to light quarks [30], performed using an effective-Lagrangian

2M. Grazzini, F. Petriello, J. Qian, F. Stoeckli (eds.); J. Baglio, R. Boughezal and D. de Florian.
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Fig. 4: Topologies of t-, u-, and s-channel contributions for electroweak Higgs-boson production, qq → qqH at
LO, where q denotes any quark or antiquark and V stands forW and Z boson.

α. The preferred choice, which should be most robust with respect to higher-order corrections, is the
so-called GF scheme, where α is derived from Fermi’s constant GF . The impact of EW and QCD
corrections in the favoured Higgs-mass range between 100 and 200 GeV are of order 5% and negative,
and thus as important as the QCD corrections. Photon-induced processes lead to corrections at the
percent level.

Approximate next-to-next-to-leading order (NNLO) QCD corrections to the total inclusive cross
section for VBF have been presented in Ref. [75]. The theoretical predictions are obtained using the
structure-function approach [65]. Upon including the NNLO corrections in QCD for the VBF production
mechanism via the structure-function approach the theoretical uncertainty for this channel, i.e. the scale
dependence, reduces from the 5−10% of the NLOQCD and electroweak combined computations [65,70]
down to 1−2%. The uncertainties due to parton distributions are estimated to be at the same level.

3.2 Higher-order calculations
In order to study the NLO corrections to Higgs-boson production in VBF, we have used two existing par-
tonic Monte Carlo programs: HAWK and VBFNLO, which we now present. Furthermore we also give
results of the NNLO QCD calculation based on VBF@NNLO and combine them with the electroweak
corrections obtained from HAWK.

3.2.1 HAWK – NLO QCD and EW corrections
HAWK [69–71] is a Monte Carlo event generator for pp → H + 2 jets. It includes the complete
NLO QCD and electroweak corrections and all weak-boson fusion and quark–antiquark annihilation
diagrams, i.e. t-channel and u-channel diagrams with VBF-like vector-boson exchange and s-channel
Higgs-strahlung diagrams with hadronic weak-boson decay. Also, all interferences at LO and NLO
are included. If it is supported by the PDF set, contributions from incoming photons, which are at
the level of 1−2%, can be taken into account. Leading heavy-Higgs-boson effects at two-loop order
proportional to G2

FM
4
H are included according to Refs. [76,77]. While these contributions are negligible

for small Higgs-boson masses, they become important for Higgs-boson masses above 400 GeV. For
MH = 700 GeV they yield +4%, i.e. about half of the total EW corrections. This signals a breakdown
of the perturbative expansion, and these contributions can be viewed as an estimate of the theoretical
uncertainty. Contributions of b-quark PDFs and final-state b quarks can be taken into account at LO.
While the effect of only initial b quarks is negligible, final-state b quarks can increase the cross section
by up to 4%. While s-channel diagrams can contribute up to 25% for small Higgs-boson masses in the
total cross section without cuts, their contribution is below 1% once VBF cuts are applied. Since the
s-channel diagrams are actually a contribution toWH and ZH production, they are switched off in the
following.
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Fig. 7: (a), (b) LO diagrams for the partonic processes pp → VH (V = W,Z); (c) diagram contributing to the
gg → HZ channel.

√
s = 7 TeV ATLAS expects to exclude a Higgs boson at 95% CL with a cross section equivalent to

about 6 times the SM one [101], while with 5 fb−1 of data and
√
s = 8 TeV CMS expects to exclude

a Higgs boson at 95% CL with a cross section equivalent to about 2 times the SM one [102]. These
results are very preliminary and partially rely on analyses which have not been re-optimized for the
lower center-of-mass energy.

One of the main challenges of these searches is to control the backgrounds down to a precision of
about 10% or better in the very specific kinematic region where the signal is expected. Precise differential
predictions for these backgrounds as provided by theoretical perturbative calculations and parton-shower
Monte Carlo generators are therefore crucial. Further studies (e.g. in Ref. [103]) suggest that with data
corresponding to an integrated luminosity of the order of 30 fb−1 the tt̄ background might be extracted
from data in a signal-free control region, while this seems to be significantly harder for theWbb̄ or Zbb̄
irreducible backgrounds, even in the presence of such a large amount of data.

For all search channels previously mentioned, a precise prediction of the signal cross section and
of the kinematic properties of the produced final-state particles is of utmost importance, together with
a possibly accurate estimation of the connected systematic uncertainties. The scope of this section is to
present the state-of-the-art inclusive cross sections for theWH and ZH Higgs-boson production modes
at different LHC center-of-mass energies and for different possible values of the Higgs-boson mass and
their connected uncertainties.

4.2 Theoretical framework
The inclusive partonic cross section for associated production of a Higgs boson (H) and a weak gauge
boson (V ) can be written as

σ̂(ŝ) =

∫ ŝ

0
dk2 σ(V ∗(k))

dΓ

dk2
(V ∗(k) → HV ) +∆σ , (2)

where
√
ŝ is the partonic center-of-mass energy. The first term on the r.h.s. arises from terms where a

virtual gauge boson V ∗ with momentum k is produced in a Drell–Yan-like process, which then radiates
a Higgs boson. The factor σ(V ∗) is the total cross section for producing the intermediate vector boson
and is fully analogous to the Drell–Yan expression. The second term on the r.h.s., ∆σ, comprises all
remaining contributions. The hadronic cross section is obtained from the partonic expression of Eq. (2)
by convoluting it with the parton densities in the usual way.

The LO prediction for pp → V H (V = W,Z) is based on the Feynman diagrams shown in
Fig. 7 (a),(b) and leads to a LO cross section of O(G2

F ). Through NLO, the QCD corrections are fully
given by the NLO QCD corrections to the Drell–Yan cross section σ̂(V ∗) [104–106]. For V = W, this
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5 ttH process8

5.1 Higgs-boson production in association with tt pairs
Higgs radiation off top quarks qq/gg → Htt (see Fig. 12) plays a role for light Higgs masses below
∼ 150 GeV at the LHC. The measurement of the ttH production rate can provide relevant information
on the top–Higgs Yukawa coupling. The leading-order (LO) cross section was computed a long time
ago [113–117]. These LO results are plagued by large theoretical uncertainties due to the strong de-
pendence on the renormalization scale of the strong coupling constant and on the factorization scales of
the parton density functions inside the proton, respectively. For the LO cross section there are several
public codes available, as e.g. HQQ [64, 118], MADGRAPH/MADEVENT [119, 120], MCFM [112], or
PYTHIA [121]. The dominant background processes for this signal process are ttbb, ttjj, ttγγ , ttZ,
and ttW+W− production depending on the final-state Higgs-boson decay.

q

q

H

t

t

H

g

g

t

t

Fig. 12: Examples of LO Feynman diagrams for the partonic processes qq, gg → ttH.

The full next-to-leading-order (NLO) QCD corrections to ttH production have been calculated
[122–125] resulting in a moderate increase of the total cross section at the LHC by at most ∼ 20%,
depending on the value ofMH and on the PDF set used. Indeed, when using CTEQ6.6 the NLO correc-
tions are always positive and the K-factor varies between 1.14 and 1.22 for MH = 90, . . . , 300 GeV,
while when using MSTW2008 the impact of NLO corrections is much less uniform: NLO corrections
can either increase or decrease the LO cross section by a few percents and result in K-factors between
1.05 and 0.98 forMH = 90, . . . , 300 GeV.

The residual scale dependence has decreased from O(50%) to a level of O(10%) at NLO, if
the renormalization and factorization scales are varied by a factor 2 up- and downwards around the
central scale choice, thus signalling a significant improvement of the theoretical prediction at NLO.
The full NLO results confirm former estimates based on an effective-Higgs approximation [126] which
approximates Higgs radiation as a fragmentation process in the high-energy limit. The NLO effects on
the relevant parts of final-state particle distribution shapes are of moderate size, i.e. O(10%), so that
former experimental analyses are not expected to change much due to these results. There is no public
NLO code for the signal process available yet.

5.2 Background processes
Recently the NLO QCD corrections to the ttbb production background have been calculated [127–131].
By choosing µ2

R = µ2
F = mt

√
pTbpTb as the central renormalization and factorization scales the NLO

corrections increase the background cross section within the signal region by about 20–30%. The scale
dependence is significantly reduced to a level significantly below 30%. The new predictions for the NLO
QCD cross sections with the new scale choice µ2

R = µ2
F = mt

√
pTbpTb are larger than the old LO

predictions with the old scale choice µR = µF = mt +mbb/2 by more than 100% within the typical

8C. Collins-Tooth, C. Neu, L. Reina, M. Spira (eds.); S. Dawson, S. Dean, S. Dittmaier, M. Krämer, C.T. Potter and
D. Wackeroth.
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Higgs mass: expected ΔMH~10-20 MeV

• Measuring the Higgs couplings is an integral part of the physics 
program of the LHC/HL-LHC: 

• Expected precision ~few/several percent (κ framework) 

• but not model-independent (either ratios or need extra 
assumptions: e.g. No exotic decays) 

• FCC can push the precision below 1% plus more model-independent 

Jorge de Blas 
INFN - University of Padova

Physics at FCC: Overview of the Conceptual Design Report 
CERN, March 5, 2019

Global Fits to Higgs observables
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Fig. 30: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the coupling modifier parameters for ATLAS (blue) and CMS (red). The filled coloured
box corresponds to the statistical and experimental systematic uncertainties, while the hatched grey area
represent the additional contribution to the total uncertainty due to theoretical systematic uncertainties.
(right) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic uncer-
tainties) on the coupling modifier parameters for the combination of ATLAS and CMS extrapolations.
For each measurement, the total uncertainty is indicated by a grey box while the statistical, experimental
and theory uncertainties are indicated by a blue, green and red line respectively.

level of Lagrangians. Here we will discuss the interpretation of the  factors within the electroweak chiral
Lagrangian (EWChL or HEFT). Within this EFT, the contributions to processes with a single Higgs, in
the unitary gauge, are [184, 185, 183]

Lfit = 2cV

⇣
m2

W W+
µ W�µ

+
1
2m2

ZZµZµ
⌘ h

v
�

X

 

c m  ̄ 
h

v

+
e2

16⇡2 c�Fµ⌫F
µ⌫ h

v
+

e2

16⇡2 cZ�Zµ⌫F
µ⌫ h

v
+

g2
s

16⇡2 cgtr
⇥
Gµ⌫G

µ⌫⇤h
v
,

(8)

where mi is the mass of particle i,  2 {t, b, c, ⌧, µ}, and the ci describe the modifications of the Higgs
couplings. The previous Lagrangian differs from a naive rescaling of Higgs couplings, even though
superficially it might seem to be equivalent. In particular, the Standard Model is consistently recovered
in eq. (8) for

cSM
i =

(
1 for i = V, t, b, c, ⌧, µ

0 for i = g, �, Z�.
(9)

This Lagrangian, taken in isolation, leads to a theory with a parametrically low cutoff: it has therefore
to be thought as part of a bigger EFT: the EWChL [186, 187, 188, 189, 190, 191, 192, 193, 194, 195,
196, 197, 198, 199, 200, 201, 202, 203]. This is a bottom-up EFT, constructed with the particle content
and symmetries of the SM. These are the same requirements adopted in the construction of the SMEFT.
The main difference between both EFTs concerns the Higgs field. In the EWChL, the Higgs boson, h, is
included as a scalar singlet, with couplings unrelated to the ones of the Goldstone bosons of electroweak
symmetry breaking (EWSB). Therefore, h is not necessarily part of an SU(2) doublet and consequently
(contrary to the SMEFT) the leading-order Lagrangian is already an EFT, leading potentially to O(1)
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2 Gluon-Fusion process2

2.1 Higgs-boson production in gluon–gluon fusion
Gluon fusion through a heavy-quark loop [6] (see Fig. 1) is the main production mechanism of the
Standard Model Higgs boson at hadron colliders. When combined with the decay channels H → γγ ,
H → WW, and H → ZZ, this production mechanism is one of the most important for Higgs-boson
searches and studies over the entire mass range, 100 GeV <∼ MH

<∼ 1 TeV, to be investigated at the
LHC.

Ht,b

g

g

Fig. 1: Feynman diagram contributing to gg → H at lowest order.

The dynamics of the gluon-fusion mechanism is controlled by strong interactions. Detailed studies
of the effect of QCD radiative corrections are thus necessary to obtain accurate theoretical predictions.
In QCD perturbation theory, the leading order (LO) contribution [6] to the gluon-fusion cross section
is proportional to α2

s , where αs is the QCD coupling constant. The main contribution arises from the
top quark, due to its large Yukawa coupling to the Higgs boson. The QCD radiative corrections to this
process at next-to-leading order (NLO) have been known for some time, both in the large-mt limit [7,8]
and maintaining the full top- and bottom-quark mass dependence [9, 10]. They increase the LO cross
section by about 80−100% at the LHC. The exact calculation is very well approximated by the large-mt

limit. When the exact Born cross section with the full dependence on the mass of the top quark is used to
normalize the result, the difference between the exact and the approximated NLO cross sections is only
a few percent. The next-to-next-to-leading order (NNLO) corrections have been computed only in this
limit [11–17], leading to an additional increase of the cross section of about 25%. The NNLO calculation
has been consistently improved by resumming the soft-gluon contributions up to NNLL [18]. The result
leads to an additional increase of the cross section of about 7−9% (6−7%) at

√
s = 7 (14) TeV. The

NNLL result is nicely confirmed by the evaluation of the leading soft contributions at N3LO [19–23].
Recent years have seen further progress in the computation of radiative corrections and in the

assessment of their uncertainties. The accuracy of the large-mt approximation at NNLO has been stud-
ied in Refs. [24–29]. These papers have definitely shown that if the Higgs boson is relatively light
(MH

<∼ 300 GeV), the large-mt approximation works extremely well, to better than 1%. As discussed
below, these results allow us to formulate accurate theoretical predictions where the top and bottom loops
are treated exactly up to NLO, and the higher-order corrections to the top contribution are treated in the
large-mt approximation [30].

Considerable work has also been done in the evaluation of electroweak (EW) corrections. Two-
loop EW effects are now known [31–35]. They increase the cross section by a factor that strongly
depends on the Higgs-boson mass, changing from +5% for MH = 120 GeV to about −2% for MH =
300 GeV [35]. The main uncertainty in the EW analysis comes from the fact that it is not obvious how to
combine them with the large QCD corrections. In the partial factorization scheme of Ref. [35] the EW
correction applies only to the LO result. In the complete factorization scheme, the EW correction instead
multiplies the full QCD-corrected cross section. Since QCD corrections are sizeable, this choice has a
non-negligible effect on the actual impact of EW corrections in the computation. The computation of the
dominant mixed QCD–EW effects due to light quarks [30], performed using an effective-Lagrangian

2M. Grazzini, F. Petriello, J. Qian, F. Stoeckli (eds.); J. Baglio, R. Boughezal and D. de Florian.
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Fig. 4: Topologies of t-, u-, and s-channel contributions for electroweak Higgs-boson production, qq → qqH at
LO, where q denotes any quark or antiquark and V stands forW and Z boson.

α. The preferred choice, which should be most robust with respect to higher-order corrections, is the
so-called GF scheme, where α is derived from Fermi’s constant GF . The impact of EW and QCD
corrections in the favoured Higgs-mass range between 100 and 200 GeV are of order 5% and negative,
and thus as important as the QCD corrections. Photon-induced processes lead to corrections at the
percent level.

Approximate next-to-next-to-leading order (NNLO) QCD corrections to the total inclusive cross
section for VBF have been presented in Ref. [75]. The theoretical predictions are obtained using the
structure-function approach [65]. Upon including the NNLO corrections in QCD for the VBF production
mechanism via the structure-function approach the theoretical uncertainty for this channel, i.e. the scale
dependence, reduces from the 5−10% of the NLOQCD and electroweak combined computations [65,70]
down to 1−2%. The uncertainties due to parton distributions are estimated to be at the same level.

3.2 Higher-order calculations
In order to study the NLO corrections to Higgs-boson production in VBF, we have used two existing par-
tonic Monte Carlo programs: HAWK and VBFNLO, which we now present. Furthermore we also give
results of the NNLO QCD calculation based on VBF@NNLO and combine them with the electroweak
corrections obtained from HAWK.

3.2.1 HAWK – NLO QCD and EW corrections
HAWK [69–71] is a Monte Carlo event generator for pp → H + 2 jets. It includes the complete
NLO QCD and electroweak corrections and all weak-boson fusion and quark–antiquark annihilation
diagrams, i.e. t-channel and u-channel diagrams with VBF-like vector-boson exchange and s-channel
Higgs-strahlung diagrams with hadronic weak-boson decay. Also, all interferences at LO and NLO
are included. If it is supported by the PDF set, contributions from incoming photons, which are at
the level of 1−2%, can be taken into account. Leading heavy-Higgs-boson effects at two-loop order
proportional to G2

FM
4
H are included according to Refs. [76,77]. While these contributions are negligible

for small Higgs-boson masses, they become important for Higgs-boson masses above 400 GeV. For
MH = 700 GeV they yield +4%, i.e. about half of the total EW corrections. This signals a breakdown
of the perturbative expansion, and these contributions can be viewed as an estimate of the theoretical
uncertainty. Contributions of b-quark PDFs and final-state b quarks can be taken into account at LO.
While the effect of only initial b quarks is negligible, final-state b quarks can increase the cross section
by up to 4%. While s-channel diagrams can contribute up to 25% for small Higgs-boson masses in the
total cross section without cuts, their contribution is below 1% once VBF cuts are applied. Since the
s-channel diagrams are actually a contribution toWH and ZH production, they are switched off in the
following.
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Fig. 7: (a), (b) LO diagrams for the partonic processes pp → VH (V = W,Z); (c) diagram contributing to the
gg → HZ channel.

√
s = 7 TeV ATLAS expects to exclude a Higgs boson at 95% CL with a cross section equivalent to

about 6 times the SM one [101], while with 5 fb−1 of data and
√
s = 8 TeV CMS expects to exclude

a Higgs boson at 95% CL with a cross section equivalent to about 2 times the SM one [102]. These
results are very preliminary and partially rely on analyses which have not been re-optimized for the
lower center-of-mass energy.

One of the main challenges of these searches is to control the backgrounds down to a precision of
about 10% or better in the very specific kinematic region where the signal is expected. Precise differential
predictions for these backgrounds as provided by theoretical perturbative calculations and parton-shower
Monte Carlo generators are therefore crucial. Further studies (e.g. in Ref. [103]) suggest that with data
corresponding to an integrated luminosity of the order of 30 fb−1 the tt̄ background might be extracted
from data in a signal-free control region, while this seems to be significantly harder for theWbb̄ or Zbb̄
irreducible backgrounds, even in the presence of such a large amount of data.

For all search channels previously mentioned, a precise prediction of the signal cross section and
of the kinematic properties of the produced final-state particles is of utmost importance, together with
a possibly accurate estimation of the connected systematic uncertainties. The scope of this section is to
present the state-of-the-art inclusive cross sections for theWH and ZH Higgs-boson production modes
at different LHC center-of-mass energies and for different possible values of the Higgs-boson mass and
their connected uncertainties.

4.2 Theoretical framework
The inclusive partonic cross section for associated production of a Higgs boson (H) and a weak gauge
boson (V ) can be written as

σ̂(ŝ) =

∫ ŝ

0
dk2 σ(V ∗(k))

dΓ

dk2
(V ∗(k) → HV ) +∆σ , (2)

where
√
ŝ is the partonic center-of-mass energy. The first term on the r.h.s. arises from terms where a

virtual gauge boson V ∗ with momentum k is produced in a Drell–Yan-like process, which then radiates
a Higgs boson. The factor σ(V ∗) is the total cross section for producing the intermediate vector boson
and is fully analogous to the Drell–Yan expression. The second term on the r.h.s., ∆σ, comprises all
remaining contributions. The hadronic cross section is obtained from the partonic expression of Eq. (2)
by convoluting it with the parton densities in the usual way.

The LO prediction for pp → V H (V = W,Z) is based on the Feynman diagrams shown in
Fig. 7 (a),(b) and leads to a LO cross section of O(G2

F ). Through NLO, the QCD corrections are fully
given by the NLO QCD corrections to the Drell–Yan cross section σ̂(V ∗) [104–106]. For V = W, this
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5 ttH process8

5.1 Higgs-boson production in association with tt pairs
Higgs radiation off top quarks qq/gg → Htt (see Fig. 12) plays a role for light Higgs masses below
∼ 150 GeV at the LHC. The measurement of the ttH production rate can provide relevant information
on the top–Higgs Yukawa coupling. The leading-order (LO) cross section was computed a long time
ago [113–117]. These LO results are plagued by large theoretical uncertainties due to the strong de-
pendence on the renormalization scale of the strong coupling constant and on the factorization scales of
the parton density functions inside the proton, respectively. For the LO cross section there are several
public codes available, as e.g. HQQ [64, 118], MADGRAPH/MADEVENT [119, 120], MCFM [112], or
PYTHIA [121]. The dominant background processes for this signal process are ttbb, ttjj, ttγγ , ttZ,
and ttW+W− production depending on the final-state Higgs-boson decay.
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Fig. 12: Examples of LO Feynman diagrams for the partonic processes qq, gg → ttH.

The full next-to-leading-order (NLO) QCD corrections to ttH production have been calculated
[122–125] resulting in a moderate increase of the total cross section at the LHC by at most ∼ 20%,
depending on the value ofMH and on the PDF set used. Indeed, when using CTEQ6.6 the NLO correc-
tions are always positive and the K-factor varies between 1.14 and 1.22 for MH = 90, . . . , 300 GeV,
while when using MSTW2008 the impact of NLO corrections is much less uniform: NLO corrections
can either increase or decrease the LO cross section by a few percents and result in K-factors between
1.05 and 0.98 forMH = 90, . . . , 300 GeV.

The residual scale dependence has decreased from O(50%) to a level of O(10%) at NLO, if
the renormalization and factorization scales are varied by a factor 2 up- and downwards around the
central scale choice, thus signalling a significant improvement of the theoretical prediction at NLO.
The full NLO results confirm former estimates based on an effective-Higgs approximation [126] which
approximates Higgs radiation as a fragmentation process in the high-energy limit. The NLO effects on
the relevant parts of final-state particle distribution shapes are of moderate size, i.e. O(10%), so that
former experimental analyses are not expected to change much due to these results. There is no public
NLO code for the signal process available yet.

5.2 Background processes
Recently the NLO QCD corrections to the ttbb production background have been calculated [127–131].
By choosing µ2

R = µ2
F = mt

√
pTbpTb as the central renormalization and factorization scales the NLO

corrections increase the background cross section within the signal region by about 20–30%. The scale
dependence is significantly reduced to a level significantly below 30%. The new predictions for the NLO
QCD cross sections with the new scale choice µ2

R = µ2
F = mt

√
pTbpTb are larger than the old LO

predictions with the old scale choice µR = µF = mt +mbb/2 by more than 100% within the typical

8C. Collins-Tooth, C. Neu, L. Reina, M. Spira (eds.); S. Dawson, S. Dean, S. Dittmaier, M. Krämer, C.T. Potter and
D. Wackeroth.
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Figure 2.1: The flat direction that a↵ects on-shell Higgs measurements if a universal coupling
rescaling univ and the presence of an untagged branching ratio BRexo are assumed. The white
dashed line corresponds to the exact relation BRexo = (2
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� 1)/2

univ
for univ > 1. The

colored regions correspond to �2 contours for the projection to the HL-LHC of CMS on-shell
Higgs measurements, assuming data will agree with the SM [22].

negative, which is only realized in somewhat exotic (albeit possible) theories, e.g. models with
electroweak triplet scalars or non-compact coset spaces; second, there must be an accidental
“conspiracy” relating the a priori-independent quantities cH/f2 and �H' in the appropriate
fashion.

Models with a universal flat direction?

To make these issues more explicit, we inspect how cH < 0 can arise from integrating out triplet
scalars at tree level [18]. Considering both a real triplet 'a

r with hypercharge Y = 0 and a
complex triplet �a

c with Y = 1, the relevant pieces of the UV Lagrangian are
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where ✏ ⌘ i�2. Integrating out the heavy scalars we obtain in the SILH basis for the EFT [19]
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where cH is manifestly negative and cT is the coe�cient of (H†
$
DµH)2/(2f2). In scenarios with

custodial symmetry, such as the Georgi-Machacek (GM) model [20, 21], the real and complex
triplets satisfy the relations �2

rf
2 = 2�2

c f
2 and M2

r = M2
c , resulting in cT = 0 and cH/f2 =

�3�2
rf

2/(4M4
r ). However, under the assumption that the mass of the triplets is su�ciently large

that they can be integrated out, the GM model does not contain a possible candidate for the
light scalar '; the latter can of course be added to the model as an additional singlet, but an
ad-hoc suitable relation between �rf,Mr, and �H' would need to be imposed in order to sit
along the flat direction discussed above.

A second possibility to obtain cH < 0 is via a non-compact coset. An example that has been
discussed in the literature is SO(4, 1)/SO(4) [23], giving rise to H as a Goldstone doublet
within a consistent e↵ective theory. The price to pay is that the e↵ective theory cannot be
UV-completed by an ordinary QFT, since the latter cannot have the non-compact SO(4, 1) as
a linearly realized global symmetry group; see Ref. [24] for related discussions. As in the GM
model, to realize a universal flat direction a genuinely new contribution to the Higgs width is
required. This could be obtained by extending the coset to include additional Goldstones, one
of which may be identified with the light ' (in this case, the role of the last operator in Eq. (2.2)
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2 P. Azzurri et al.: Measuring the Higgs mass and production cross section with ultimate precision at FCC-ee

Higgsstrahlung

WW fusion

Fig. 1. (Left) Feynman diagrams for the Higgsstrahlung (top) and the WW fusion (bottom) processes. (Right) Improved-Born
Higgs production cross sections (with initial state radiation included [2]), as predicted by HZHA [3] as a function of the centre-
of-mass energy for mH = 125GeV. The small interference term between the two diagrams in the H⌫e⌫̄e final state is included
in the WW fusion cross section. Vertical dashed lines indicate the

p
s values foreseen at FCC-ee.

determined, the measurement of the cross sections for each exclusive Higgs boson decay, H ! XX,

�ZH ⇥ B(H ! XX) /
g2HZZ ⇥ g2HXX

�H

and �H⌫e⌫̄e
⇥ B(H ! XX) /

g2HWW ⇥ g2HXX

�H

, (1)

gives access to all other couplings in a model-independent, absolute, way. For example, the ratio of the WW-fusion-
to-Higgstrahlung cross sections for the same Higgs boson decay, proportional to g2HWW/g2HZZ, yields gHWW, and the
Higgsstrahlung rate with the H ! ZZ decay, proportional to g4HZZ/�H, provides a determination of the Higgs boson
total decay width �H. The measurement of gHZZ, and thus of the total ZH cross section, is a cornerstone of the
Higgs physics programme at FCC-ee. Conservative values for the statistical precision on inclusive and exclusive ZH
cross sections, obtained from preliminary FCC-ee conceptual studies with realistic beam and detector parameters [4],
are indicated in Table 1, and the resulting accuracy of Higgs couplings obtained from global fits to the FCC-ee
measurements (the details of which are explained in Ref. [5]), are listed in Table 2.

Table 1. From Ref. [4]: Relative uncertainty (in %) on
�ZH⇥B(H ! XX) and �⌫e⌫̄eH

⇥B(H ! XX), as expected
from the FCC-ee data at 240 and 365GeV.
p
s 240GeV 365GeV

Integrated luminosity 5 ab�1 1.5 ab�1

Channel ZH ⌫e⌫̄e H ZH ⌫e⌫̄e H
H ! any ±0.5 ±0.9
H ! bb̄ ±0.3 ±3.1 ±0.5 ±0.9
H ! cc̄ ±2.2 ±6.5 ±10
H ! gg ±1.9 ±3.5 ±4.5
H ! W+W�

±1.2 ±2.6 ±3.0
H ! ZZ ±4.4 ±12 ±10
H ! ⌧+⌧�

±0.9 ±1.8 ±8
H ! �� ±9.0 ±18 ±22
H ! µ+µ�

±19 ±40
H ! invisible < 0.3 < 0.6

Table 2. From Ref. [5]: Precision on a few Higgs cou-
plings gHXX and on the total width �H at FCC-ee, in the
 framework and in a global E↵ective Field Theory fit.

Coupling Precision (%)
( framework / EFT)

gHZZ 0.17 / 0.26
gHWW 0.41 / 0.27
gHbb 0.64 / 0.56
gHcc 1.3 / 1.2
gHgg 0.89 / 0.82
gH⌧⌧ 0.66 / 0.57
gHµµ 3.9 / 3.8
gH�� 1.3 / 1.2
gHZ� 10. / 9.3
gHtt 3.1 / 3.1
�H 1.1

The precise measurement of the ZH cross section can also give access to the Higgs boson self-coupling gHHH via
loop diagrams (shown in the left panel of Fig. 2) as was realised for the first time in Ref. [6]. Indeed, the contribution
of these diagrams to the ZH cross section amounts to ⇠2% at 240 GeV and ⇠0.5% at 365 GeV [7], similar to or
significantly larger than the experimental precision expected at FCC-ee. The dependence of the ZH cross section on
the centre-of-mass energy allows in addition the gHZZ and gHHH couplings to be determined separately in a robust and
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4 P. Azzurri et al.: Measuring the Higgs mass and production cross section with ultimate precision at FCC-ee

The opportunities and challenges to achieve the relevant precisions on the Higgs boson mass and production cross
section at FCC-ee are now examined.

2 Opportunities and challenges: The “recoil mass” method

The precise determination of the Higgs boson coupling to the Z boson and of the Higgs boson mass at an e+e� Higgs
factory is initially optimised as follows.

1. The centre-of-mass energy is chosen so as to maximise the number of ZH events. At FCC-ee, the luminosity
steeply increases as the centre-of-mass energy decreases, so that the centre-of-mass energy was fixed to 240 GeV,
approximately 15 GeV below the value that maximises the theoretical ZH cross section [13].

2. In an initial approach, only the leptonic decays of the Z boson (Z ! `+`�, with ` = e or µ) are used for the
cross-section measurement, as they allow the ZH events to be inclusively and e�ciently selected independently
of the Higgs boson decay mode. This choice is therefore e↵ective towards an almost fully model-independent
determination of the HZZ coupling, but the small Z dielectron and dimuon branching ratios are expensive in terms
of statistical precision (Table 1).

3. The mass mrecoil recoiling against the lepton pair is determined from total energy-momentum conservation as
m2

recoil = s + m2

`` � 2
p

s(E
`
+ + E

`
�), where m`` is the lepton pair invariant mass, and E

`
+ , E

`
� are the two lepton

energies. In absence of initial state radiation and beam-energy spread, and with a perfect determination of the
lepton pair kinematics, mrecoil coincides exactly with the Higgs boson mass. In practice, the Higgs boson mass and
the ZH total cross section are fitted from the actual experimental mrecoil distribution.

Candidate ZH events where the Z boson decays to µ+µ� are selected by identifying two muons with an invariant
mass close to mZ and a total momentum transverse to the beam axis typically between 15 and 70 GeV, while using as
little information as possible from the rest of the event. The resulting mrecoil distribution, obtained with a DELPHES
simulation [14] of the IDEA detector concept [4], in particular its drift chamber [15], is displayed in the left panel of
Fig. 3 for an integrated luminosity of 5 ab�1 simulated at

p
s = 240 GeV and with a nominal Higgs boson mass of

mH = 125GeV. The background processes include the dominant diboson production e+e� ! WW and ZZ (where “Z”
can be a Z or a virtual photon), the single boson production e+e� ! Ze+e�, as well as the (radiative) dilepton events
e+e� ! (�)`+`�. The dilepton and diboson background processes were simulated with Pythia [16], while WHIZARD

was used for the other background processes and the signal [17].
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Fig. 3. Left: Inclusive mrecoil distribution for events with a Z decaying to µ+µ�, between 40 and 160GeV displaying the Z
peak from the ZZ background and the H peak from the ZH signal. Right: Expanded scale showing the mrecoil distribution in
the region around mH. The ZH signal is fitted to a double-sided Crystal Ball function [18,19], and the simulated background
to a second-order polynomial.

In the right panel of Fig. 3, the recoil mass distribution is fitted around mH with a double-sided Crystal Ball function
for the signal and a 2nd-order polynomial for the background. To minimise the biases and the need for a-posteriori
corrections arising from this choice of specific functional forms, the Higgs boson mass and the ZH cross section can also
be adjusted from template distributions obtained from simulation, and calibrated with control processes with data.
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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	
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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,

Ô
s increases, the

Z

Z
He+

e< i

i<

W

W
H

e+

e<

e
+

e
−

H

t

t
-

γ/Z

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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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
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Higgsstrahlung

WW fusion

Fig. 1. (Left) Feynman diagrams for the Higgsstrahlung (top) and the WW fusion (bottom) processes. (Right) Improved-Born
Higgs production cross sections (with initial state radiation included [2]), as predicted by HZHA [3] as a function of the centre-
of-mass energy for mH = 125GeV. The small interference term between the two diagrams in the H⌫e⌫̄e final state is included
in the WW fusion cross section. Vertical dashed lines indicate the

p
s values foreseen at FCC-ee.

determined, the measurement of the cross sections for each exclusive Higgs boson decay, H ! XX,

�ZH ⇥ B(H ! XX) /
g2HZZ ⇥ g2HXX

�H

and �H⌫e⌫̄e
⇥ B(H ! XX) /

g2HWW ⇥ g2HXX

�H

, (1)

gives access to all other couplings in a model-independent, absolute, way. For example, the ratio of the WW-fusion-
to-Higgstrahlung cross sections for the same Higgs boson decay, proportional to g2HWW/g2HZZ, yields gHWW, and the
Higgsstrahlung rate with the H ! ZZ decay, proportional to g4HZZ/�H, provides a determination of the Higgs boson
total decay width �H. The measurement of gHZZ, and thus of the total ZH cross section, is a cornerstone of the
Higgs physics programme at FCC-ee. Conservative values for the statistical precision on inclusive and exclusive ZH
cross sections, obtained from preliminary FCC-ee conceptual studies with realistic beam and detector parameters [4],
are indicated in Table 1, and the resulting accuracy of Higgs couplings obtained from global fits to the FCC-ee
measurements (the details of which are explained in Ref. [5]), are listed in Table 2.

Table 1. From Ref. [4]: Relative uncertainty (in %) on
�ZH⇥B(H ! XX) and �⌫e⌫̄eH

⇥B(H ! XX), as expected
from the FCC-ee data at 240 and 365GeV.
p
s 240GeV 365GeV

Integrated luminosity 5 ab�1 1.5 ab�1

Channel ZH ⌫e⌫̄e H ZH ⌫e⌫̄e H
H ! any ±0.5 ±0.9
H ! bb̄ ±0.3 ±3.1 ±0.5 ±0.9
H ! cc̄ ±2.2 ±6.5 ±10
H ! gg ±1.9 ±3.5 ±4.5
H ! W+W�

±1.2 ±2.6 ±3.0
H ! ZZ ±4.4 ±12 ±10
H ! ⌧+⌧�

±0.9 ±1.8 ±8
H ! �� ±9.0 ±18 ±22
H ! µ+µ�

±19 ±40
H ! invisible < 0.3 < 0.6

Table 2. From Ref. [5]: Precision on a few Higgs cou-
plings gHXX and on the total width �H at FCC-ee, in the
 framework and in a global E↵ective Field Theory fit.

Coupling Precision (%)
( framework / EFT)

gHZZ 0.17 / 0.26
gHWW 0.41 / 0.27
gHbb 0.64 / 0.56
gHcc 1.3 / 1.2
gHgg 0.89 / 0.82
gH⌧⌧ 0.66 / 0.57
gHµµ 3.9 / 3.8
gH�� 1.3 / 1.2
gHZ� 10. / 9.3
gHtt 3.1 / 3.1
�H 1.1

The precise measurement of the ZH cross section can also give access to the Higgs boson self-coupling gHHH via
loop diagrams (shown in the left panel of Fig. 2) as was realised for the first time in Ref. [6]. Indeed, the contribution
of these diagrams to the ZH cross section amounts to ⇠2% at 240 GeV and ⇠0.5% at 365 GeV [7], similar to or
significantly larger than the experimental precision expected at FCC-ee. The dependence of the ZH cross section on
the centre-of-mass energy allows in addition the gHZZ and gHHH couplings to be determined separately in a robust and
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The opportunities and challenges to achieve the relevant precisions on the Higgs boson mass and production cross
section at FCC-ee are now examined.

2 Opportunities and challenges: The “recoil mass” method

The precise determination of the Higgs boson coupling to the Z boson and of the Higgs boson mass at an e+e� Higgs
factory is initially optimised as follows.

1. The centre-of-mass energy is chosen so as to maximise the number of ZH events. At FCC-ee, the luminosity
steeply increases as the centre-of-mass energy decreases, so that the centre-of-mass energy was fixed to 240 GeV,
approximately 15 GeV below the value that maximises the theoretical ZH cross section [13].

2. In an initial approach, only the leptonic decays of the Z boson (Z ! `+`�, with ` = e or µ) are used for the
cross-section measurement, as they allow the ZH events to be inclusively and e�ciently selected independently
of the Higgs boson decay mode. This choice is therefore e↵ective towards an almost fully model-independent
determination of the HZZ coupling, but the small Z dielectron and dimuon branching ratios are expensive in terms
of statistical precision (Table 1).

3. The mass mrecoil recoiling against the lepton pair is determined from total energy-momentum conservation as
m2

recoil = s + m2

`` � 2
p

s(E
`
+ + E

`
�), where m`` is the lepton pair invariant mass, and E

`
+ , E

`
� are the two lepton

energies. In absence of initial state radiation and beam-energy spread, and with a perfect determination of the
lepton pair kinematics, mrecoil coincides exactly with the Higgs boson mass. In practice, the Higgs boson mass and
the ZH total cross section are fitted from the actual experimental mrecoil distribution.

Candidate ZH events where the Z boson decays to µ+µ� are selected by identifying two muons with an invariant
mass close to mZ and a total momentum transverse to the beam axis typically between 15 and 70 GeV, while using as
little information as possible from the rest of the event. The resulting mrecoil distribution, obtained with a DELPHES
simulation [14] of the IDEA detector concept [4], in particular its drift chamber [15], is displayed in the left panel of
Fig. 3 for an integrated luminosity of 5 ab�1 simulated at

p
s = 240 GeV and with a nominal Higgs boson mass of

mH = 125GeV. The background processes include the dominant diboson production e+e� ! WW and ZZ (where “Z”
can be a Z or a virtual photon), the single boson production e+e� ! Ze+e�, as well as the (radiative) dilepton events
e+e� ! (�)`+`�. The dilepton and diboson background processes were simulated with Pythia [16], while WHIZARD

was used for the other background processes and the signal [17].
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Fig. 3. Left: Inclusive mrecoil distribution for events with a Z decaying to µ+µ�, between 40 and 160GeV displaying the Z
peak from the ZZ background and the H peak from the ZH signal. Right: Expanded scale showing the mrecoil distribution in
the region around mH. The ZH signal is fitted to a double-sided Crystal Ball function [18,19], and the simulated background
to a second-order polynomial.

In the right panel of Fig. 3, the recoil mass distribution is fitted around mH with a double-sided Crystal Ball function
for the signal and a 2nd-order polynomial for the background. To minimise the biases and the need for a-posteriori
corrections arising from this choice of specific functional forms, the Higgs boson mass and the ZH cross section can also
be adjusted from template distributions obtained from simulation, and calibrated with control processes with data.
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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
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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,

Ô
s increases, the

Z

Z
He+

e< i

i<

W

W
H

e+

e<

e
+

e
−

H

t

t
-

γ/Z

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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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.
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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
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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,

Ô
s increases, the

Z

Z
He+

e< i

i<

W

W
H

e+

e<

e
+

e
−

H

t

t
-

γ/Z

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).

19
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Higgsstrahlung

WW fusion

Fig. 1. (Left) Feynman diagrams for the Higgsstrahlung (top) and the WW fusion (bottom) processes. (Right) Improved-Born
Higgs production cross sections (with initial state radiation included [2]), as predicted by HZHA [3] as a function of the centre-
of-mass energy for mH = 125GeV. The small interference term between the two diagrams in the H⌫e⌫̄e final state is included
in the WW fusion cross section. Vertical dashed lines indicate the

p
s values foreseen at FCC-ee.

determined, the measurement of the cross sections for each exclusive Higgs boson decay, H ! XX,

�ZH ⇥ B(H ! XX) /
g2HZZ ⇥ g2HXX

�H

and �H⌫e⌫̄e
⇥ B(H ! XX) /

g2HWW ⇥ g2HXX

�H

, (1)

gives access to all other couplings in a model-independent, absolute, way. For example, the ratio of the WW-fusion-
to-Higgstrahlung cross sections for the same Higgs boson decay, proportional to g2HWW/g2HZZ, yields gHWW, and the
Higgsstrahlung rate with the H ! ZZ decay, proportional to g4HZZ/�H, provides a determination of the Higgs boson
total decay width �H. The measurement of gHZZ, and thus of the total ZH cross section, is a cornerstone of the
Higgs physics programme at FCC-ee. Conservative values for the statistical precision on inclusive and exclusive ZH
cross sections, obtained from preliminary FCC-ee conceptual studies with realistic beam and detector parameters [4],
are indicated in Table 1, and the resulting accuracy of Higgs couplings obtained from global fits to the FCC-ee
measurements (the details of which are explained in Ref. [5]), are listed in Table 2.

Table 1. From Ref. [4]: Relative uncertainty (in %) on
�ZH⇥B(H ! XX) and �⌫e⌫̄eH

⇥B(H ! XX), as expected
from the FCC-ee data at 240 and 365GeV.
p
s 240GeV 365GeV

Integrated luminosity 5 ab�1 1.5 ab�1

Channel ZH ⌫e⌫̄e H ZH ⌫e⌫̄e H
H ! any ±0.5 ±0.9
H ! bb̄ ±0.3 ±3.1 ±0.5 ±0.9
H ! cc̄ ±2.2 ±6.5 ±10
H ! gg ±1.9 ±3.5 ±4.5
H ! W+W�

±1.2 ±2.6 ±3.0
H ! ZZ ±4.4 ±12 ±10
H ! ⌧+⌧�

±0.9 ±1.8 ±8
H ! �� ±9.0 ±18 ±22
H ! µ+µ�

±19 ±40
H ! invisible < 0.3 < 0.6

Table 2. From Ref. [5]: Precision on a few Higgs cou-
plings gHXX and on the total width �H at FCC-ee, in the
 framework and in a global E↵ective Field Theory fit.

Coupling Precision (%)
( framework / EFT)

gHZZ 0.17 / 0.26
gHWW 0.41 / 0.27
gHbb 0.64 / 0.56
gHcc 1.3 / 1.2
gHgg 0.89 / 0.82
gH⌧⌧ 0.66 / 0.57
gHµµ 3.9 / 3.8
gH�� 1.3 / 1.2
gHZ� 10. / 9.3
gHtt 3.1 / 3.1
�H 1.1

The precise measurement of the ZH cross section can also give access to the Higgs boson self-coupling gHHH via
loop diagrams (shown in the left panel of Fig. 2) as was realised for the first time in Ref. [6]. Indeed, the contribution
of these diagrams to the ZH cross section amounts to ⇠2% at 240 GeV and ⇠0.5% at 365 GeV [7], similar to or
significantly larger than the experimental precision expected at FCC-ee. The dependence of the ZH cross section on
the centre-of-mass energy allows in addition the gHZZ and gHHH couplings to be determined separately in a robust and
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Higgsstrahlung

WW fusion

Fig. 1. (Left) Feynman diagrams for the Higgsstrahlung (top) and the WW fusion (bottom) processes. (Right) Improved-Born
Higgs production cross sections (with initial state radiation included [2]), as predicted by HZHA [3] as a function of the centre-
of-mass energy for mH = 125GeV. The small interference term between the two diagrams in the H⌫e⌫̄e final state is included
in the WW fusion cross section. Vertical dashed lines indicate the

p
s values foreseen at FCC-ee.

determined, the measurement of the cross sections for each exclusive Higgs boson decay, H ! XX,

�ZH ⇥ B(H ! XX) /
g2HZZ ⇥ g2HXX

�H

and �H⌫e⌫̄e
⇥ B(H ! XX) /

g2HWW ⇥ g2HXX

�H

, (1)

gives access to all other couplings in a model-independent, absolute, way. For example, the ratio of the WW-fusion-
to-Higgstrahlung cross sections for the same Higgs boson decay, proportional to g2HWW/g2HZZ, yields gHWW, and the
Higgsstrahlung rate with the H ! ZZ decay, proportional to g4HZZ/�H, provides a determination of the Higgs boson
total decay width �H. The measurement of gHZZ, and thus of the total ZH cross section, is a cornerstone of the
Higgs physics programme at FCC-ee. Conservative values for the statistical precision on inclusive and exclusive ZH
cross sections, obtained from preliminary FCC-ee conceptual studies with realistic beam and detector parameters [4],
are indicated in Table 1, and the resulting accuracy of Higgs couplings obtained from global fits to the FCC-ee
measurements (the details of which are explained in Ref. [5]), are listed in Table 2.

Table 1. From Ref. [4]: Relative uncertainty (in %) on
�ZH⇥B(H ! XX) and �⌫e⌫̄eH

⇥B(H ! XX), as expected
from the FCC-ee data at 240 and 365GeV.
p
s 240GeV 365GeV

Integrated luminosity 5 ab�1 1.5 ab�1

Channel ZH ⌫e⌫̄e H ZH ⌫e⌫̄e H
H ! any ±0.5 ±0.9
H ! bb̄ ±0.3 ±3.1 ±0.5 ±0.9
H ! cc̄ ±2.2 ±6.5 ±10
H ! gg ±1.9 ±3.5 ±4.5
H ! W+W�

±1.2 ±2.6 ±3.0
H ! ZZ ±4.4 ±12 ±10
H ! ⌧+⌧�

±0.9 ±1.8 ±8
H ! �� ±9.0 ±18 ±22
H ! µ+µ�

±19 ±40
H ! invisible < 0.3 < 0.6

Table 2. From Ref. [5]: Precision on a few Higgs cou-
plings gHXX and on the total width �H at FCC-ee, in the
 framework and in a global E↵ective Field Theory fit.

Coupling Precision (%)
( framework / EFT)

gHZZ 0.17 / 0.26
gHWW 0.41 / 0.27
gHbb 0.64 / 0.56
gHcc 1.3 / 1.2
gHgg 0.89 / 0.82
gH⌧⌧ 0.66 / 0.57
gHµµ 3.9 / 3.8
gH�� 1.3 / 1.2
gHZ� 10. / 9.3
gHtt 3.1 / 3.1
�H 1.1

The precise measurement of the ZH cross section can also give access to the Higgs boson self-coupling gHHH via
loop diagrams (shown in the left panel of Fig. 2) as was realised for the first time in Ref. [6]. Indeed, the contribution
of these diagrams to the ZH cross section amounts to ⇠2% at 240 GeV and ⇠0.5% at 365 GeV [7], similar to or
significantly larger than the experimental precision expected at FCC-ee. The dependence of the ZH cross section on
the centre-of-mass energy allows in addition the gHZZ and gHHH couplings to be determined separately in a robust and
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Higgsstrahlung

WW fusion

Fig. 1. (Left) Feynman diagrams for the Higgsstrahlung (top) and the WW fusion (bottom) processes. (Right) Improved-Born
Higgs production cross sections (with initial state radiation included [2]), as predicted by HZHA [3] as a function of the centre-
of-mass energy for mH = 125GeV. The small interference term between the two diagrams in the H⌫e⌫̄e final state is included
in the WW fusion cross section. Vertical dashed lines indicate the

p
s values foreseen at FCC-ee.

determined, the measurement of the cross sections for each exclusive Higgs boson decay, H ! XX,

�ZH ⇥ B(H ! XX) /
g2HZZ ⇥ g2HXX

�H

and �H⌫e⌫̄e
⇥ B(H ! XX) /

g2HWW ⇥ g2HXX

�H

, (1)

gives access to all other couplings in a model-independent, absolute, way. For example, the ratio of the WW-fusion-
to-Higgstrahlung cross sections for the same Higgs boson decay, proportional to g2HWW/g2HZZ, yields gHWW, and the
Higgsstrahlung rate with the H ! ZZ decay, proportional to g4HZZ/�H, provides a determination of the Higgs boson
total decay width �H. The measurement of gHZZ, and thus of the total ZH cross section, is a cornerstone of the
Higgs physics programme at FCC-ee. Conservative values for the statistical precision on inclusive and exclusive ZH
cross sections, obtained from preliminary FCC-ee conceptual studies with realistic beam and detector parameters [4],
are indicated in Table 1, and the resulting accuracy of Higgs couplings obtained from global fits to the FCC-ee
measurements (the details of which are explained in Ref. [5]), are listed in Table 2.

Table 1. From Ref. [4]: Relative uncertainty (in %) on
�ZH⇥B(H ! XX) and �⌫e⌫̄eH

⇥B(H ! XX), as expected
from the FCC-ee data at 240 and 365GeV.
p
s 240GeV 365GeV

Integrated luminosity 5 ab�1 1.5 ab�1

Channel ZH ⌫e⌫̄e H ZH ⌫e⌫̄e H
H ! any ±0.5 ±0.9
H ! bb̄ ±0.3 ±3.1 ±0.5 ±0.9
H ! cc̄ ±2.2 ±6.5 ±10
H ! gg ±1.9 ±3.5 ±4.5
H ! W+W�

±1.2 ±2.6 ±3.0
H ! ZZ ±4.4 ±12 ±10
H ! ⌧+⌧�

±0.9 ±1.8 ±8
H ! �� ±9.0 ±18 ±22
H ! µ+µ�

±19 ±40
H ! invisible < 0.3 < 0.6

Table 2. From Ref. [5]: Precision on a few Higgs cou-
plings gHXX and on the total width �H at FCC-ee, in the
 framework and in a global E↵ective Field Theory fit.

Coupling Precision (%)
( framework / EFT)

gHZZ 0.17 / 0.26
gHWW 0.41 / 0.27
gHbb 0.64 / 0.56
gHcc 1.3 / 1.2
gHgg 0.89 / 0.82
gH⌧⌧ 0.66 / 0.57
gHµµ 3.9 / 3.8
gH�� 1.3 / 1.2
gHZ� 10. / 9.3
gHtt 3.1 / 3.1
�H 1.1

The precise measurement of the ZH cross section can also give access to the Higgs boson self-coupling gHHH via
loop diagrams (shown in the left panel of Fig. 2) as was realised for the first time in Ref. [6]. Indeed, the contribution
of these diagrams to the ZH cross section amounts to ⇠2% at 240 GeV and ⇠0.5% at 365 GeV [7], similar to or
significantly larger than the experimental precision expected at FCC-ee. The dependence of the ZH cross section on
the centre-of-mass energy allows in addition the gHZZ and gHHH couplings to be determined separately in a robust and
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( )Ongoing study.  
Extrapolated from CEPC precision

←

0.5% precision in σZH

SM: 1-loop EW corrections ~3%

Tests of quantum corrections 

in the Higgs sector

(3 yrs) (4 yrs)

Statistical uncertainties: 
 Experimental systematics not expected to  

be a limiting factor for Higgs measurements
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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
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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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• 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

• Furthermore, all Higgs factories can perform “Z-pole” EW measurements 
using radiative return to the Z from 240/250 GeV

• Projected precision for EWPO: improvement in some cases of more than         
1 order of magnitude

EW physics at e+e- Higgs factories

Jorge de Blas 
Univ. of Granada 41ICEPP, The University of Tokyo Seminar 

December 5, 2023
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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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• EW measurements also important for Higgs interpretation at “low-energy”  
e+e- Higgs factories:

• With the precision of Higgs measurements expected to be close to per 
mille level in several cases, we need our knowledge of the EW interactions 
to be precise enough to neglect EW uncertainties in the extraction of Higgs 
properties. (Is LEP/SLD enough?)
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Introduction Framework Measurements Parameterization Results Conclusion

Higgs measurements

! e+e− → hZ, cross section maximized at around
250 GeV.

! e+e− → νν̄h, cross section increases with energy.
! e+e− → t̄th, can be measured with

√
s ! 500GeV.

! e+e− → Zhh and e+e− → νν̄hh (triple Higgs
coupling, not included here).

e−

e+

Z/γ

Z

h

e−

e+

ν

ν̄

W−

W+

h

e−

e+

Z/γ

t

t

t̄

h

Jiayin Gu JGU Mainz

Game of EFT – a song of Higgs and EW

Introduction Framework Measurements Parameterization Results Conclusion

Higgs measurements

! e+e− → hZ, cross section maximized at around
250 GeV.

! e+e− → νν̄h, cross section increases with energy.
! e+e− → t̄th, can be measured with

√
s ! 500GeV.

! e+e− → Zhh and e+e− → νν̄hh (triple Higgs
coupling, not included here).

e−

e+

Z/γ

Z

h

e−

e+

ν

ν̄

W−

W+

h

e−

e+

Z/γ

t

t

t̄

h

Jiayin Gu JGU Mainz

Game of EFT – a song of Higgs and EW

ZH

ννH

Introduction Framework Measurements Parameterization Results Conclusion

Higgs measurements

! e+e− → hZ, cross section maximized at around
250 GeV.

! e+e− → νν̄h, cross section increases with energy.
! e+e− → t̄th, can be measured with

√
s ! 500GeV.

! e+e− → Zhh and e+e− → νν̄hh (triple Higgs
coupling, not included here).

e−

e+

Z/γ

Z

h

e−

e+

ν

ν̄

W−

W+

h

e−

e+

Z/γ

t

t

t̄

h

Jiayin Gu JGU Mainz

Game of EFT – a song of Higgs and EW

<1%

?



• Also important is to measure the properties of the W bosons:

• As well as pure gauge boson interactions, e.g. anomalous Triple Gauge 
Couplings (aTGC) 

• Previously studied following LEP2 experience, using binned cos θW differential 
distributions in the aTGC-dominance approximation (relevant also for Higgs 
interpretation within the SMEFT)

• Underutilizes all the differential info from the process (5 angles)!
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December 5, 2023
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aTGC dominance:  
sizable NP effects only in aTGC
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Future collider studies of WW/aTGC

154th FCC Physics and Experiments Workshop 
November 13, 2020

• As in the Higgs case, e+e- → W+W-  receives contributions from several 
interactions other than aTGC:


• The aTGC dominance approximation neglects contributions from 
everything other than aTGC
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• As in the Higgs case, e+e- → W+W-  receives contributions from several 
interactions other than aTGC:


• The aTGC dominance approximation neglects contributions from 
everything other than aTGC


Introduction κ fit EFT Framework Results Conclusion

A refined TGC analysis using Optimal Observables

! TGCs are sensitive to the differential distributions!
! Current method: fit to binned distributions of all

angles.
! Correlations among angles are ignored.

! What are optimal observables?
(See e.g. Z.Phys. C62 (1994) 397-412 Diehl & Nachtmann)

! For a given sample, there is an upper limit on the
precision reach of the parameters.

! In the limit of large statistics (everything is Gaussian)
and small parameters (leading order dominates), this
“upper limit” can be derived analytically!

! dσ
dΩ = dσ

dΩ |aJ +
∑

i

S(Ω)i gi. The optimal observables

are simply the S(Ω)i.

! Very idealized! How well can we actually do?
! Choose a conservative 50W efficiency to compensate

the omission of systematics...
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Figure 5.16: Definition of the angles in an e
+
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− → W
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− event.

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

∗
h

(cos θ
∗
l
) and φ

∗
h

(φ∗
l
).

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

(cos θ
∗
h
,φ

∗
h
)↔ (− cos θ

∗
h
,φ

∗
h

+ π), (5.16)

which is folded in the following way:

φ
∗
h

> 0→ (cos θ
∗
h
,φ

∗
h
)

φ
∗
h

< 0→ (− cos θ
∗
h
,φ

∗
h

+ π). (5.17)

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

Z

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

5.4.4 Simultaneous Fit

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

∗
l

and φ
∗
l
, together with cos θW . This
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Higgs couplings @ CLIC (and other future colliders)

In JHEP12 (2019) 117  
we prepared a global SMEFT study of WW  

using all differential info and the formalism of  
“Optimal statistical observables” 

(Later updated for the Snowmass 2021 studies)



Optimal Observables

• Consider a Phase-space distribution linear in some coefficients ci:


• In the limit of large statistics, the observables


provide the most precise statistical information about the coefficients ci 
around the point ci=0, ∀i 

• Idealized (no systematics) ⇒ We compensate omission of systematics via 
conservative selection efficiency ε
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Padova, Italy

Abstract

„
†
i

¡
Dµ„ eR“

µ
eR ≥ ev

2

2sc
ZµeR“

µ
eR + ev

sc
HZµeR“

µ
eR + . . . (1)

SMEFTND © {”m, cgg, ”cz, c““, cz“, czz, cz⇤, ”yt, ”yc, ”yb, ”y· , ”yµ, ⁄z}
+

Ó
(”g

Zu

L
)qi, (”g

Zd

L
)qi, (”g

W ¸‹

L
)¸, (”g

Ze

L
)¸, (”g

Zu

R
)qi, (”g

Zd

R
)qi, (”g

Ze

R
)¸

Ô

q1=q2, ¸=e,µ,·
.

{”m, cgg, ”cz, c““, cz“, czz, cz⇤, ”yt, ”yc, ”yb, ”y· , ”yµ, ⁄z} +
Ó
(”g

Zu

L
)qi, (”g

Zd

L
)qi, (”g

W ¸‹

L
)¸, (”g

Ze

L
)¸, (”g

Zu

R
)qi, (”g

Zd

R
)qi, (”g

Ze

R
)¸

Ô

q1=q2, ¸=e,µ,·
.

Ó
”m, (”g

Zu

L
)qi, (”g

Zd

L
)qi, (”g

W ¸‹

L
)¸, (”g

Ze

L
)¸, (”g

Zu

R
)qi, (”g

Zd

R
)qi, (”g

Ze

R
)¸

Ô
© 0. (2)

SMEFTPEW © { cgg, ”cz, c““, cz“, czz, cz⇤, ”yt, ”yc, ”yb, ”y· , ”yµ, ⁄z} . (3)

{ cgg, ”cz, c““, cz“, czz, cz⇤, ”yt, ”yc, ”yb, ”y· , ”yµ, ⁄z} . (4)

S(�) = S0(�) + q
i ciSi(�) (5)

S(�) = d‡

d� (6)

S0(�) = d‡

d�

---
SM

(7)

ciSi(�) = d‡

d�

---
Interf . SM≠NP

(8)

úCorresponding author.
E-mail address: firstAuthor@somewhere.edu
Preprint submitted to Computer Physics Communications November 18, 2019

Extra Material for talk at the CEPC Workshop November 18-20,
2019

J. de Blasa

aDipartimento di Fisica e Astronomia “Galileo Galilei”, Università di Padova, Via Marzolo 8, I-35131
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(See e.g., Z.Phys. C62 (1994) 397-412 Diehl & Nachtmann) 
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Optimal Observables

• diBoson process: E.g.  


•
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Introduction κ fit EFT Framework Results Conclusion

A refined TGC analysis using Optimal Observables

! TGCs are sensitive to the differential distributions!
! Current method: fit to binned distributions of all

angles.
! Correlations among angles are ignored.

! What are optimal observables?
(See e.g. Z.Phys. C62 (1994) 397-412 Diehl & Nachtmann)

! For a given sample, there is an upper limit on the
precision reach of the parameters.

! In the limit of large statistics (everything is Gaussian)
and small parameters (leading order dominates), this
“upper limit” can be derived analytically!

! dσ
dΩ = dσ

dΩ |aJ +
∑

i

S(Ω)i gi. The optimal observables

are simply the S(Ω)i.

! Very idealized! How well can we actually do?
! Choose a conservative 50W efficiency to compensate

the omission of systematics...
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Z/γ

W−
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ν
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100 Chapter 5: Measurement of Triple Gauge Couplings and Polarization
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Figure 5.16: Definition of the angles in an e
+
e
− → W

+
W

− event.

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

∗
h

(cos θ
∗
l
) and φ

∗
h

(φ∗
l
).

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

(cos θ
∗
h
,φ

∗
h
)↔ (− cos θ

∗
h
,φ

∗
h

+ π), (5.16)

which is folded in the following way:

φ
∗
h

> 0→ (cos θ
∗
h
,φ

∗
h
)

φ
∗
h

< 0→ (− cos θ
∗
h
,φ

∗
h

+ π). (5.17)

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

Z

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

5.4.4 Simultaneous Fit

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

∗
l

and φ
∗
l
, together with cos θW . This
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Higgs couplings @ CLIC (and other future colliders)
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Padova, Italy

Abstract

„
†
i

¡
Dµ„ eR“

µ
eR ≥ ev

2

2sc
ZµeR“

µ
eR + ev

sc
HZµeR“

µ
eR + . . . (1)

SMEFTND © {”m, cgg, ”cz, c““, cz“, czz, cz⇤, ”yt, ”yc, ”yb, ”y· , ”yµ, ⁄z}
+

Ó
(”g

Zu

L
)qi, (”g

Zd

L
)qi, (”g

W ¸‹

L
)¸, (”g

Ze

L
)¸, (”g

Zu

R
)qi, (”g

Zd

R
)qi, (”g

Ze

R
)¸

Ô

q1=q2, ¸=e,µ,·
.

{”m, cgg, ”cz, c““, cz“, czz, cz⇤, ”yt, ”yc, ”yb, ”y· , ”yµ, ⁄z} +
Ó
(”g

Zu

L
)qi, (”g

Zd

L
)qi, (”g

W ¸‹

L
)¸, (”g

Ze

L
)¸, (”g

Zu

R
)qi, (”g

Zd

R
)qi, (”g

Ze

R
)¸

Ô

q1=q2, ¸=e,µ,·
.

Ó
”m, (”g

Zu

L
)qi, (”g

Zd

L
)qi, (”g

W ¸‹

L
)¸, (”g

Ze

L
)¸, (”g

Zu

R
)qi, (”g

Zd

R
)qi, (”g

Ze

R
)¸

Ô
© 0. (2)

SMEFTPEW © { cgg, ”cz, c““, cz“, czz, cz⇤, ”yt, ”yc, ”yb, ”y· , ”yµ, ⁄z} . (3)

{ cgg, ”cz, c““, cz“, czz, cz⇤, ”yt, ”yc, ”yb, ”y· , ”yµ, ⁄z} . (4)

S(�) = S0(�) + q
i ciSi(�) (5)

S(�) = d‡

d� (6)

S0(�) = d‡

d�

---
SM

(7)

ciSi(�) = d‡

d�

---
Interf . SM≠NP

(8)

úCorresponding author.
E-mail address: firstAuthor@somewhere.edu
Preprint submitted to Computer Physics Communications November 18, 2019

SMEFT:

Introduction κ fit EFT Framework Results Conclusion

A refined TGC analysis using Optimal Observables

! TGCs are sensitive to the differential distributions!
! Current method: fit to binned distributions of all

angles.
! Correlations among angles are ignored.

! What are optimal observables?
(See e.g. Z.Phys. C62 (1994) 397-412 Diehl & Nachtmann)

! For a given sample, there is an upper limit on the
precision reach of the parameters.

! In the limit of large statistics (everything is Gaussian)
and small parameters (leading order dominates), this
“upper limit” can be derived analytically!

! dσ
dΩ = dσ

dΩ |aJ +
∑

i

S(Ω)i gi. The optimal observables

are simply the S(Ω)i.

! Very idealized! How well can we actually do?
! Choose a conservative 50W efficiency to compensate

the omission of systematics...
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Figure 5.16: Definition of the angles in an e
+
e
− → W

+
W

− event.

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

∗
h

(cos θ
∗
l
) and φ

∗
h

(φ∗
l
).

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

(cos θ
∗
h
,φ

∗
h
)↔ (− cos θ

∗
h
,φ

∗
h

+ π), (5.16)

which is folded in the following way:

φ
∗
h

> 0→ (cos θ
∗
h
,φ

∗
h
)

φ
∗
h

< 0→ (− cos θ
∗
h
,φ

∗
h

+ π). (5.17)

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

Z

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

5.4.4 Simultaneous Fit

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

∗
l

and φ
∗
l
, together with cos θW . This
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Higgs couplings @ CLIC (and other future colliders)
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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

– 36 –

Bin distr.

Bin distr.

Bin distr.

OO
OO

OO

OO vs. cos θW  distr: Improvement in aTGC ~2-4x

46Jorge de Blas 
Univ. of Granada 

ICEPP, The University of Tokyo Seminar 
December 5, 2023



Optimal Observables

• diBoson process: E.g. 


•

Extra Material for talk at the CEPC Workshop November 18-20,
2019

J. de Blasa

aDipartimento di Fisica e Astronomia “Galileo Galilei”, Università di Padova, Via Marzolo 8, I-35131
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A refined TGC analysis using Optimal Observables

! TGCs are sensitive to the differential distributions!
! Current method: fit to binned distributions of all

angles.
! Correlations among angles are ignored.

! What are optimal observables?
(See e.g. Z.Phys. C62 (1994) 397-412 Diehl & Nachtmann)

! For a given sample, there is an upper limit on the
precision reach of the parameters.

! In the limit of large statistics (everything is Gaussian)
and small parameters (leading order dominates), this
“upper limit” can be derived analytically!

! dσ
dΩ = dσ

dΩ |aJ +
∑

i

S(Ω)i gi. The optimal observables

are simply the S(Ω)i.

! Very idealized! How well can we actually do?
! Choose a conservative 50W efficiency to compensate

the omission of systematics...
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Figure 5.16: Definition of the angles in an e
+
e
− → W

+
W

− event.

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

∗
h

(cos θ
∗
l
) and φ

∗
h

(φ∗
l
).

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

(cos θ
∗
h
,φ

∗
h
)↔ (− cos θ

∗
h
,φ

∗
h

+ π), (5.16)

which is folded in the following way:

φ
∗
h

> 0→ (cos θ
∗
h
,φ

∗
h
)

φ
∗
h

< 0→ (− cos θ
∗
h
,φ

∗
h

+ π). (5.17)

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

Z

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

5.4.4 Simultaneous Fit

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

∗
l

and φ
∗
l
, together with cos θW . This
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Full dim-6 SMEFT parameterization at LO:  
10 independent BSM deformations
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5.6/ab, e+e-→WW semileptonic channel, statistics only

ϵ: signal selection efficiency
: individual fit

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

– 36 –

Bin distr.

Bin distr.

Bin distr.

OO
OO

OO

OO vs. cos θW  distr: Improvement in aTGC ~2-4x

But cannot resolve all EFT pars with WW only, 
 e.g. 2 flat directions in (δg1Z , δgLe , δgRe) at amplitude level 

  

⇒ Combine with EWPO/Higgs in global study
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Machine Pol. (e�, e+) Energy Luminosity Reference

HL-LHC Unpolarised 14 TeV 3 ab�1 [14]

ILC
(⌥80%, ±30%)

250 GeV 2 ab�1

[15]
350 GeV 0.2 ab�1

500 GeV 4 ab�1

(⌥80%,±20%) 1 TeV 8 ab�1

CLIC (±80%, 0%)

380 GeV 1 ab�1

[16]
1.5 TeV 2.5 ab�1

3 TeV 5 ab�1

FCC-ee Unpolarised

Z-pole 150 ab�1

[17]

2mW 10 ab�1

240 GeV 5 ab�1

350 GeV 0.2 ab�1

365 GeV 1.5 ab�1

CEPC Unpolarised

Z-pole 100 ab�1

[18]

2mW 6 ab�1

240 GeV 20 ab�1

350 GeV 0.2 ab�1

360 GeV 1 ab�1

MuC Unpolarised

125 GeV 0.02 ab�1

[19, 20]3 TeV 3 ab�1

10 TeV 10 ab�1

Table 2: Future collider scenarios considered in this work.

15

• Collider scenarios considered in the               SMEFT studies

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

The physics case of a 3 TeV muon collider stage

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

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

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

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

– A “Signatory” expresses support to the efforts described in the report and endorses the Collabora-
tion plans.
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SMEFT fits at future colliders

• Summary of inputs used for               SMEFT studies

Higgs diBoson (WW,WZ) EWPO 
(Z pole, mW, …)

HL-LHC Yes (μ) pp→WW, WZ Differential 
Info LEP/SLD

FCC-ee Yes (μ, σΖΗ)

(Complete with HL-LHC) 

e+e-→W+W→All

Optimal Obs.

Yes

(Tera Z)

ILC Yes (μ, σΖΗ)

(Complete with HL-LHC) 

e+e-→W+W→All

Optimal Obs.

Yes 

(Rad. Return, Giga-Z)

CEPC Yes (μ, σΖΗ)

(Complete with HL-LHC) 

e+e-→W+W→All

Optimal Obs.

Yes

(Tera Z)

CLIC Yes (μ, σΖΗ) e+e-→W+W→All

Optimal Obs.

Yes 

(Rad. Return, Giga-Z)

Muon 
Colliders

Yes (μ)

125 GeV/3 & 10 TeV Optimal Obs. No. From LEP/SLD

December 16, 2019
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Only possible at  
lepton colliders

Rates (signal strength)

(Inclusive) cross section
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• Fit assumptions (limited by the amount of available projections)

SMEFT assumptions 
• SMEFT truncated at the dim 6 in the EFT expansion (Calculations performed in a modified version of 

the Warsaw basis)

• CP-even operators


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


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


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


• Flavor assumptions: non-universal but flavour diagonal (30 NP pars)


Neutral Diagonal: SMEFTND fit

5 SM + 30 New Physics Parameters

– Vector couplings to fermions:

�L
vff,hvff

6
= gp

2

�
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v

�
W

+

µ

⇣
�̂g

W `

L
⌫̄�̄µe + �̂g

Wq

L
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, (8)

where, again, not all terms are independent3:

�̂g
W `

L
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Z⌫

L
� �̂g

Ze

L
, �̂g

Wq

L
= �̂g
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VCKM � VCKM �̂g

Zd

L
. (9)

In the case of Flavour Universality, all the �̂g are proportional to the identity corresponding to a total of 8
parameters: (�̂gZu

L
)ij ⌘ �gZu

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

R
does not

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

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

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

associated to the third quark family (�̂gZu

L
)33, (�̂gZd

L
)33, (�̂gZu

R
)33, (�̂gZd

R
)33 as well as all diagonal coe�cients

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

of Flavour Universality and Neutral Diagonality we end up with respectively 18 and 30 independent parameters:
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q1=q2 6=q3, `=e,µ,⌧

.

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

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

�
�m, (�gZu

L
)qi

, (�gZd
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)qi

, (�gZ⌫

L
)`, (�gZe

L
)`, (�gZu

R
)qi

, (�gZd

R
)qi

, (�gZe

R
)`
 
⌘ 0. (10)

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

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

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

3Here we choose a slightly di↵erent convention for the dependent couplings with respect to [?,?], and we express everything in
terms of the modifications of the neutral currents.

8

-Hff and Vff (HVff) diagonal in the physical basis

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


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

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

Vff/hVff

SMEFT fits at future colliders



Fitting framework

• Fit to new physics effects parameterized by the dimension 6 SMEFT:

✓ Bayesian fit using

✓ Sensitivity from posterior info (NP-parameters/Observables errors/limits)

• Assumptions:

✓ Likelihood: SM predictions as central values for future “experimental” 
measurements. Errors given by projected experimental uncertainties. 

✓ Baseline: Results for each future collider given in combination with LEP/SLD and 
HL-LHC

✓ SM theory uncertainties: SM intrinsic and parametric uncertainties reduced 
according to future projections. Parametric included in default analysis. Intrinsic 
studied separately

✓ New physics effects: Working at the linear-level in the EFT effects (interference 
with SM amplitudes)
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EFT analyses with FCC precision
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Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
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Results in manifestly gauge-invariant dim-6 bases

be obtained by eliminating di�erent operators via the relations from integration by parts,

OB = OHB + 1
4OBB + 1

4OW B ,

OW = OHW + 1
4OW W + 1

4OW B , (B.1)

and from the SM equations of motion of the gauge fields,
1

gÕ2 OB = ≠
1
2OT + 1

2
ÿ

f

(YfLOHfL + YfROHfR) ,

1
g2 OW = ≠

3
2OH + 2O6 + 1

2
ÿ

f

Oyf + 1
4

ÿ

f

O
Õ
HfL

, (B.2)

where fL = ¸, q are the left-handed fermion doublets, fR = e, u, d are the right-handed
fermion singlets, and Y is the hyperchange (Y¸ = ≠

1
2 , etc.). Note that only the entries of

OHfL,R and O
Õ
HfL

proportional to the SM fermionic currents enter in the previous equation.
In the SILH’ basis, OW W , OW B and the above-mentioned flavour universal entries of OH¸

and O
Õ
H¸

are eliminated. The modified-SILH’ basis is obtained from the SILH’ basis trading
OW and OB by OW W and OW B. In the Warsaw basis, OW , OB, OHW and OHB are
eliminated from table 3. It should also be noted that our definition of OW B di�ers from
the one in ref. [16] by a factor of two.

Our results for the three bases are presented in figure 10 in terms of the 95% confidence
level (CL) (�‰2 = 4) reach for �/


|ci|, with ci and � defined in equation (2.1). This is

particularly convenient for comparing � with the bounds on new particle masses from
direct searches (which are usually in terms of 95% CL). However, it should be emphasized
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2 (H†ΩæDµH)ˆ‹Bµ‹

OW B = ggÕH†‡aHW a
µ‹Bµ‹

OH¸ = iH†ΩæDµH ¯̧
L“µ¸L

OT = 1
2(H†ΩæDµH)2

O
Õ
H¸

= iH†‡a
Ωæ
DµH ¯̧

L‡a“µ¸L

O¸¸ = (¯̧
L“µ¸L)(¯̧

L“µ¸L) OHe = iH†ΩæDµHēR“µeR

OHq = iH†ΩæDµHq̄L“µqL OHu = iH†ΩæDµHūR“µuR

O
Õ
Hq

= iH†‡a
Ωæ
DµHq̄L‡a“µqL OHd = iH†ΩæDµHd̄R“µdR

Table 3: A redundant set of dimension-six operators that contributes to the Higgs and
EW processes in our analysis. Flavour indices are omitted. The operators OW W , OW B,
and the flavour universal components of OH¸ and O

Õ
H¸

are eliminated in the SILH’ basis;
OW , OB, OH¸ and O

Õ
H¸

are eliminated in the modified-SILH’ basis; OW , OB, OHW and
OHB are eliminated in the Warsaw basis.
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Figure 10: The 95% CL reaches for for �/


|ci| for HL-LHC and the future lepton colliders
in the SILH’ (top), modified-SILH’ (middle) and Warsaw (bottom) bases. The correspond-
ing values for ci/�2 are shown on the right-hand side in units of [TeV≠2]. The columns
with solid shades shows the results from a global fit, and the ones with light shades are
obtained by switching on one operator at a time.

that in an EFT analysis one always constrain the combination �/
Ô

ci (or ci/�2) rather
than � itself [65], and such comparisons are only valid if the sizes of ci are known, for
instance, from assumptions of the UV theory. Unlike in the rest of the paper, in the
results presented here we will impose, for simplicity, the flavour universality condition in
the operators modifying the gauge-fermion couplings. This reduces the total number of
new physics fit parameters to twenty. For each operator, we show both the reach from a
global fit (solid shade) and the individual one with all other operator coe�cients set to
zero (light shade). The corresponding values for ci/�2 are also shown on the right-hand
side of the plots.
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Notation

SMEFT fits at future colliders

• Results typically presented as bounds on the Wilson Coefficients/Interaction 
scale of the new operators:

• Pros: easier BSM interpretation     Cons: Depend on the basis, correlations

• We will compare sensitivities projecting the SMEFT fit results into (pseudo) 
observable quantities → Effective couplings, e.g. 
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operator D⇢�†D⇢�Gµ⌫Gµ⌫ which simply comes with coe�cient ⇠ g2
s
/m4

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

t
/16⇡2), the sensitivity on m⇤ is

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

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

1.2 Results from the EFT framework studies

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

g
e↵ 2

HX
⌘

�H!X

�
SM
H!X

. (14)

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

3
.

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

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

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

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

HZZ,HWW
couplings

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

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

HZZ,HWW

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

�Z!e+e� = ↵ MZ

6 sin2 ✓w cos2 ✓w

(|ge

L
|
2 + |g

e

R
|
2), Ae = |ge

L
|2�|ge

R
|2

|ge

L
|2+|ge

R
|2 . (15)

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

4We note, however, that, from the point of view of the interpretation in terms of motivated scenarios like those described below
Eq. (13), the contributions to such interactions are dominated only by c�, unless g? ⇠ 4⇡.
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1.3 Higgs couplings
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The decay width to WW ú ZZú (with 4f final states) are given by
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where we assume there is no NP correction to the gauge couplings of fermions. As stated
in Section 2, we do not consider contribution from o�-shell photons that gives the same
final states as ZZú, as they can be relatively easily removed by kinematic cuts.

The decay of Higgs to gg, ““ and Z“ are generated at one-loop level in the SM. The
leading EFT contribution could either be at tree level (which are generated in the UV
theory by new particles in the loop) or come at loop level by modifying the couplings in
the SM loops. As mentioned in Section 2, we follow Ref. [16] and include both the tree
level EFT contribution (cgg) and the one-loop contribution (from ”yt and ”yb) for h æ gg,
while only keeping the tree level EFT contribution (c““ and cZ“) for h æ ““ and h æ Z“.
The decay widths are given by 12
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The branching ratio can be derived from the total decay width, which can be obtained
from

�tot

�SM
tot

=
ÿ

i

�i

�SM

i

BrSM

i
. (D.9)

12The choices of the bottom mass value would change the numerical values in Eq. (D.7), but has little
impact on the global fit results.
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e.g. in Higgs basis

For Top Yukawa and Higgs self-coupling one could define them from the  
production cross sections (but this is collider specific)

At linear order and collecting enough (pseudo-)observables this is just a change into 
a more “physical” basis (close to Higgs basis except for hVV)

+ … (EW Vff, hVff)

Effective Higgs couplings
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• Yukawa couplings:
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6 = �
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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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(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
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�H!X

�SM
H!X

. (15)

9

for the Higgs e↵ective couplings, or the quantities ge↵
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for the electroweak e↵ective
couplings, defined from:
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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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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. Note
the Higgs total width measurement from the o↵-shell Higgs processes at the HL-LHC is not
included in the global fit.
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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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(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:
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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
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⌘
�H!X

�SM
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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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(�̂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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Higgs couplings in the dimension-6 SMEFT fit
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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.
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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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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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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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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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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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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 �

Table 2: 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.

Model Pred. Ab,0
FB Pull Pred. Ab,0

FB Pull

standard average conservative average
SM 0.10337± 0.00032 �2.3 � 0.10325± 0.00034 �2.2 �

Table 3: 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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Table 4:
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)

max(�sys
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j

)
(12)
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e+e- improves HL-LHC precision typically by a factor ~10
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Higgs couplings in the dimension-6 SMEFT fit

Higgs interactions

• 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
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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)
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Highlights the importance  
of low-energy e+e- Higgs  

factories to obtain absolute  
measurement of  
Higgs couplings

(Via the measurement of σZH  
using the recoil mass method)

δΓH  ~1% precision
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Higgs couplings in the dimension-6 SMEFT fit
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Higgs interactions

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

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

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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and EW measurements at various future colliders listed in Table 2. The wide (narrow)
bars correspond to the results from the constrained-�H (free-�H) fit. The HL-LHC and
LEP/SLD measurements are combined with all lepton collider scenarios. For e+e� colliders,
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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Higgs couplings in the dimension-6 SMEFT fit

• The Higgs self coupling     : 

• It characterizes the structure of the Higgs potential. Relevant for BSM 
questions, e.g. baryogengesis

• A few operators contribute to       in the SMEFT but only one does it exclusively:

• Two approaches
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Operators tested outside Higgs physics

Potentially new BSM-effects in h physics 
could have been already tested in the vacuum

SM Scalar is the excitation around the EWSB vacuum: 

! = v+h
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µ
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=
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Modifications in h→Zff  related to Z→ff      

vacuum

e.g.
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four-fermion operators of the third generation. These are, in the basis of [29],
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where we assume all Wilson coe�cients to be real. In eq. (2), QL, tR and bR refer to the
third family quark left-handed doublet and right-handed singlets, respectively; �a are the
Pauli matrices; T

A are the SU(3)c generators and T denotes transposition of the SU(2)L
indices.

The largest e↵ects in Higgs physics are typically expected to come from operators with
the adequate chiral structure entering in top quark loops, as they will be proportional to
the top quark mass/Yukawa coupling. Conversely, we expect a suppression of operators
including bottom quarks with the bottom Yukawa coupling. As we will argue below, either
because of their chirality or because they only enter in bottom loops, the operators with
right-handed bottom quarks in the last two lines in eq. (2) are expected to give only very

small e↵ects, and will be neglected. This is not the case for the operators O
(1),(8)

QtQb
, which can

have sizeable contributions to, e.g. Higgs to bb or gluon fusion rates, proportional to the top
quark mass.

We will later on also compare with possible e↵ects of a trilinear Higgs self-coupling
modification with respect to the SM. In the dimension-six SMEFT, the only operator that
modifies the Higgs self-interactions without a↵ecting the single-Higgs couplings at tree level
is

�L
d=6

SMEFT
=

C�

⇤2
(�†

�)3, (3)

where � stands for the usual SU(2)L scalar doublet, with � = 1/
p

2(0, v +h)T in the unitary
gauge. Furthermore, for later use, we write down also the operators that modify the Higgs
couplings to top and bottom quarks
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†
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L
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, (4)

with �̃ = i�2�
⇤.

4

A Numerical inputs

Aside from our own calculations of the four-quark operator e↵ects in single Higgs rates, we
have also used in our fits the dependence on the Higgs trilinear self-coupling in the NLO
correction to the same processes, which was calculated in ref. [18]. Here we give them in
table 2, translating the � dependence in terms of C�,

�� = �2
C�v4

m2

h
⇤2

, (37)

and assuming ⇤ = 1 TeV.

Process C1 · 10�2, (⇤ = 1TeV)

ggF/ gg ! h -0.31
tth 13 TeV -1.64
tth 14 TeV -1.62
h ! �� -0.23
h ! bb 0.00
h ! W+W� -0.34
h ! ZZ -0.39
pp ! Zh 13 TeV -0.56
pp ! Zh 14 TeV -0.55
pp ! W±h -0.48
VBF -0.30
h ! 4` -0.38

Table 2: The relative correction dependence on C� for single Higgs processes taken from [22].
If the

p
s is not indicated, the C1 coe�cient (see eq. (34)) is the same for both 13 and 14

TeV.

We also provide in this appendix the experimental measurements of the signal strengths
at the LHC Run II and the CMS projections for the HL-LHC (scenario S2, see [58]) that we
used in the fits in this paper. These inputs are summarised in table 3.
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 17 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

hence into an increased precision. For instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55–57] and even the
electroweak precision observables [58–60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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aCAFPE and Departamento de F́ısica Teórica y del Cosmos, Universidad de Granada,
Campus de Fuentenueva, E–18071 Granada, Spain

Abstract

LaTeX materials for the talks at the LHC Higgs WG general meeting, November 30 2021

1 Latex Stu↵

V (�) = �µ2
� |�|2 + �� |�|4 (1)

V (�) = �µ2
� |�|2 + �� |�|4 �! V (h) =

1
2
m2

hh
2
+ �3vh3

+
1
4
�4h4 (2)

�SM
3 = �SM

4 = �� =
Gµm2

hp
2

⇡ 0.129 (3)

�SM
3 = �SM

4 = �� =
m2

h

2v2 ⇡ 0.129 (4)

� ⌘ �3

�SM
3

(5)

†
E-mail: jorge.de-blas-mateo@durham.ac.uk

1

<latexit sha1_base64="cbv+pW5jQq/tFP2pZ+BpPsIiHYw=">AAAB9XicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUF+4DOWO5kMm1oJhOSjFKG/ocbF4q49V/c+Tem7Sy09UDgcM493JsTSs60cd1vp7Syura+Ud6sbG3v7O5V9w/aOs0UoS2S8lR1Q9CUM0FbhhlOu1JRSEJOO+HoZup3HqnSLBX3ZixpkMBAsJgRMFZ68EcgJfR9bhMR9Ks1t+7OgJeJV5AaKtDsV7/8KCVZQoUhHLTuea40QQ7KMMLppOJnmkogIxjQnqUCEqqDfHb1BJ9YJcJxquwTBs/U34kcEq3HSWgnEzBDvehNxf+8XmbiqyBnQmaGCjJfFGccmxRPK8ARU5QYPrYEiGL2VkyGoIAYW1TFluAtfnmZtM/q3kXduzuvNa6LOsroCB2jU+ShS9RAt6iJWogghZ7RK3pznpwX5935mI+WnCJziP7A+fwBlK6SkQ==</latexit>�
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where we assume all Wilson coe�cients to be real. In eq. (2), QL, tR and bR refer to the
third family quark left-handed doublet and right-handed singlets, respectively; �a are the
Pauli matrices; T

A are the SU(3)c generators and T denotes transposition of the SU(2)L
indices.

The largest e↵ects in Higgs physics are typically expected to come from operators with
the adequate chiral structure entering in top quark loops, as they will be proportional to
the top quark mass/Yukawa coupling. Conversely, we expect a suppression of operators
including bottom quarks with the bottom Yukawa coupling. As we will argue below, either
because of their chirality or because they only enter in bottom loops, the operators with
right-handed bottom quarks in the last two lines in eq. (2) are expected to give only very

small e↵ects, and will be neglected. This is not the case for the operators O
(1),(8)

QtQb
, which can

have sizeable contributions to, e.g. Higgs to bb or gluon fusion rates, proportional to the top
quark mass.

We will later on also compare with possible e↵ects of a trilinear Higgs self-coupling
modification with respect to the SM. In the dimension-six SMEFT, the only operator that
modifies the Higgs self-interactions without a↵ecting the single-Higgs couplings at tree level
is

�L
d=6

SMEFT
=

C�

⇤2
(�†

�)3, (3)

where � stands for the usual SU(2)L scalar doublet, with � = 1/
p

2(0, v +h)T in the unitary
gauge. Furthermore, for later use, we write down also the operators that modify the Higgs
couplings to top and bottom quarks
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, (4)

with �̃ = i�2�
⇤.

4

A Numerical inputs

Aside from our own calculations of the four-quark operator e↵ects in single Higgs rates, we
have also used in our fits the dependence on the Higgs trilinear self-coupling in the NLO
correction to the same processes, which was calculated in ref. [18]. Here we give them in
table 2, translating the � dependence in terms of C�,

�� = �2
C�v4

m2

h
⇤2

, (37)

and assuming ⇤ = 1 TeV.

Process C1 · 10�2, (⇤ = 1TeV)

ggF/ gg ! h -0.31
tth 13 TeV -1.64
tth 14 TeV -1.62
h ! �� -0.23
h ! bb 0.00
h ! W+W� -0.34
h ! ZZ -0.39
pp ! Zh 13 TeV -0.56
pp ! Zh 14 TeV -0.55
pp ! W±h -0.48
VBF -0.30
h ! 4` -0.38

Table 2: The relative correction dependence on C� for single Higgs processes taken from [22].
If the

p
s is not indicated, the C1 coe�cient (see eq. (34)) is the same for both 13 and 14

TeV.

We also provide in this appendix the experimental measurements of the signal strengths
at the LHC Run II and the CMS projections for the HL-LHC (scenario S2, see [58]) that we
used in the fits in this paper. These inputs are summarised in table 3.
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 17 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

hence into an increased precision. For instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55–57] and even the
electroweak precision observables [58–60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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Figure 9.2: Cross-sections for the double Higgs production processes e+e° ! Z H H and e+e° !
∫∫̄H H , as a function of

p
s for mH = 125GeV. The cross-sections are shown for unpolarised beams.

These cross-sections are higher – in the latter case, by almost a factor 2 – when the e° beam is highly
polarised in the left-handed sense.

Figure 9.3: Diagrams contributing to e+e° ! ∫∫̄H H .

cessible at 350 GeV, but it can be studied at an e+e° centre-of-mass energy of 500 GeV. The ∫∫̄H H
reaction, which is a 4-body process, requires still higher energies, optimally, CM energies above
1 TeV. The ILD group has studied these reactions at CM energies of 500 GeV and 1 TeV [575–577].
The CLICdp group has studied these reactions at CM energies of 1.5 TeV and 3.0 TeV [578]. We de-
scribe the analyses below. In both cases, the analyses are done in the framework of full simulation
using detailed detector models. This simulation framework is reviewed in Secs. 6 and 7 of [572].

The diagrams for both processes include a diagram with the Higgs self-coupling in interference
with diagrams in which the two Higgs bosons are radiated separately from W or Z propagators. The
SM diagrams for e+e° ! ∫∫̄H H are shown in Fig. 9.3. Note that both processes appear at the tree
level in the SM and, since we are in the electroweak world, the tree level is a good approximation to
the full result.

A remarkable feature of the e+e° reactions is that the two processes have opposite dependence
on ∑∏. That is, the self-coupling diagram interferes constructively with the other SM diagrams in
the case of Z H H and destructively in the case of ∫∫̄H H . The dependence of the cross-section on
the variation of the Higgs self-coupling is shown in Fig. 9.4. This means that, whatever the sign of
the deviation of ∑∏ from 1, one of the two processes will have an increased cross-section and will
thus have increased statistical sensitivity to the actual value of ∑∏.

e+e-: Requires √s significantly higher  
than nominal threshold

Accessible at high-energy  
linear colliders √s≳500 GeV
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where we assume all Wilson coe�cients to be real. In eq. (2), QL, tR and bR refer to the
third family quark left-handed doublet and right-handed singlets, respectively; �a are the
Pauli matrices; T

A are the SU(3)c generators and T denotes transposition of the SU(2)L
indices.

The largest e↵ects in Higgs physics are typically expected to come from operators with
the adequate chiral structure entering in top quark loops, as they will be proportional to
the top quark mass/Yukawa coupling. Conversely, we expect a suppression of operators
including bottom quarks with the bottom Yukawa coupling. As we will argue below, either
because of their chirality or because they only enter in bottom loops, the operators with
right-handed bottom quarks in the last two lines in eq. (2) are expected to give only very

small e↵ects, and will be neglected. This is not the case for the operators O
(1),(8)

QtQb
, which can

have sizeable contributions to, e.g. Higgs to bb or gluon fusion rates, proportional to the top
quark mass.

We will later on also compare with possible e↵ects of a trilinear Higgs self-coupling
modification with respect to the SM. In the dimension-six SMEFT, the only operator that
modifies the Higgs self-interactions without a↵ecting the single-Higgs couplings at tree level
is

�L
d=6

SMEFT
=

C�

⇤2
(�†

�)3, (3)

where � stands for the usual SU(2)L scalar doublet, with � = 1/
p

2(0, v +h)T in the unitary
gauge. Furthermore, for later use, we write down also the operators that modify the Higgs
couplings to top and bottom quarks

�L
d=6

SMEFT
=

✓
Ct�

⇤2
�
†
�Q

L
�̃ tR +

Cb�

⇤2
�
†
�Q

L
� bR + h.c.

◆
, (4)

with �̃ = i�2�
⇤.

4

A Numerical inputs

Aside from our own calculations of the four-quark operator e↵ects in single Higgs rates, we
have also used in our fits the dependence on the Higgs trilinear self-coupling in the NLO
correction to the same processes, which was calculated in ref. [18]. Here we give them in
table 2, translating the � dependence in terms of C�,

�� = �2
C�v4

m2

h
⇤2

, (37)

and assuming ⇤ = 1 TeV.

Process C1 · 10�2, (⇤ = 1TeV)

ggF/ gg ! h -0.31
tth 13 TeV -1.64
tth 14 TeV -1.62
h ! �� -0.23
h ! bb 0.00
h ! W+W� -0.34
h ! ZZ -0.39
pp ! Zh 13 TeV -0.56
pp ! Zh 14 TeV -0.55
pp ! W±h -0.48
VBF -0.30
h ! 4` -0.38

Table 2: The relative correction dependence on C� for single Higgs processes taken from [22].
If the

p
s is not indicated, the C1 coe�cient (see eq. (34)) is the same for both 13 and 14

TeV.

We also provide in this appendix the experimental measurements of the signal strengths
at the LHC Run II and the CMS projections for the HL-LHC (scenario S2, see [58]) that we
used in the fits in this paper. These inputs are summarised in table 3.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 17 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

hence into an increased precision. For instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18%
around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [55–57] and even the
electroweak precision observables [58–60]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. To be viable, these
alternative methods need to be able to disentangle a variation due to a modified Higgs self-interaction from variations due to
another deformation of the SM. This is important in particular in a global analysis, when all EFT parameters are left free to float.
This cannot always be done relying only on inclusive measurements [61, 62] and it calls for detailed studies of kinematical
distributions with an accurate estimate of the relevant uncertainties [63]. For a 240 GeV lepton collider, the change of the ZH
production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below 1%,
but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, other single Higgs coupling modifications
also change the ZH cross section, and these different dependencies must be disentangled via a global fit of Higgs data. Not
surprisingly, such global fits to single Higgs data often suffer from some degeneracy among the different Higgs coupling
deviations which are significantly reduce with extra information from kinematical differential distributions or from inclusive
rate measurements performed at two different energies (see for instance the k3 sensitivities reported in Table 11 for FCC-ee240
vs FCC-ee365; note that it is the combination of the two runs at different energies that improve the global fit, a single run at
365 GeV alone would not do much better than the single run at 240 GeV).

Note that, in principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading
order, i.e. neglecting the contribution of k3 at next-to-leading order. It was shown in [61] that a 200% uncertainty on k3 could
for instance increase the uncertainty in gHtt or geff

Hgg by around 30–40%.
In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large

the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [24, 61]

|k3|⇠< Min(600x ,4p) , (27)

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [27]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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Figure 9.12: Uncertainties on the Higgs self-coupling projected for the High-Luminosity LHC
and for other future colliders, at various stages, by the ECFA Higgs@Future Colliders working
group [574]. The results are presented as uncertainties on ∑3 = ∑∏. In the bar graphs, results from
the direct method are shown with solid bars and result from the indirect method with hatched bars.
The estimates for the indirect determination of the self-coupling are based on a multi-parameter
SMEFT analysis which also takes into account projected results from the LHC. Estimates in paren-
theses correspond to a 1-parameter fit without other new physics effects. The results for all e+e°

colliders include the projected single-H and H H results from the HL-LHC, approximated by a 50%
uncertainty in ∑∏.

ning time or, in the case of circular machines, doubling the number of detectors. We emphasise
again that this measurement is essentially free of model dependent assumptions within the broad
class of models that can be described by the SMEFT.

9.9 The quartic Higgs self-coupling

F. Maltoni, D. Pagani

Up to this point in our discussion of e+e° probes of the Higgs potential, we have only considered
dimension-6 operators in the SMEFT. For operators that specifically modify the Higgs potential, we
have considered only one higher-dimension operator, the operator with coefficient c6 in Eq. (2.10)
whose main role is to shift the coupling ∏3. More general modifications of the Higgs potential are
available from operators of higher dimension. It is relevant to ask whether inclusion of this possi-
bility affects the determination of c6 or ∏3.

This question was studied for the first time in Ref. [128]. This paper considered the two-parameter
Higgs potential modification
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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collider Indirect-h hh combined
HL-LHC [78] 100-200% 50% 50%

ILC250/C3-250 [51, 52] 49% � 49%
ILC500/C3-550 [51, 52] 38% 20% 20%

CLIC380 [54] 50% � 50%
CLIC1500 [54] 49% 36% 29%
CLIC3000 [54] 49% 9% 9%
FCC-ee [55] 33% � 33%

FCC-ee (4 IPs) [55] 24% � 24%
FCC-hh [79] - 3.4-7.8% 3.4-7.8%
µ(3 TeV) [64] - 15-30% 15-30%
µ(10 TeV) [64] - 4% 4%

TABLE IX: Sensitivity at 68% probability on the Higgs cubic self-coupling at the various future colliders. Values for indirect
extractions of the Higgs self-coupling from single Higgs determinations below the first line are taken from [2]. The values quoted
here are combined with an independent determination of the self-coupling with uncertainty 50% from the HL-LHC.
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FIG. 27: Limits on the Higgs self-coupling at future machines.

GeV and at hadron machines (FCC-hh).
The proposed e

+
e
� Higgs factories—CEPC, ILC, C3 , CLIC, and FCC-ee—can access the Higgs self-coupling

through analysis of single Higgs measurements. This relies on the fact that these colliders will measure a large
number of individual single Higgs reactions with high precision, allowing an indirect analysis of possible new physics
contributions to the self coupling through loop e↵ects. It will be important to have data at two di↵erent center of
mass energies to increase the level of precision and this requires reaching the second stage of a staged run plan.

The values for the indirect Higgs measurement of the self-coupling given in Table IX are combined with a HL-LHC
projected error of 50% [2, 80]. Thus, only values well below 50% represent a significant improvement. The various
estimates are computed using di↵erent assumptions on the inclusion of SMEFT parameters representing other new
physics e↵ects. On the other hand, many of the values quoted for hh production are derived from fits including the
single parameter � only. At e

+
e
� colliders it is more straightforward to simulate the relevant backgrounds, but

there is less experience with the high-energy regime studied here. The uncertainties in the direct determinations at
e
+
e
� colliders are computed using full-simulation analyses based on current analysis methods. These have much room

for improvement when the actual data is available. The analyses at hadron colliders are based on estimates of the
achievable detector performance in the presence of very high pileup. These are extrapolations, but the estimates are
consistent with the improvements in analysis methods that we have seen already at the LHC.

The projected sensitivities to the Higgs boson self-coupling at the various future colliders are presented in Ta-
ble IX and shown graphically in Fig. 27. A measurement with O(20%) on the Higgs self-coupling would allow to
exclude/demonstrate at 5� some models of electroweak baryogenesis as discussed in Section V.

Light quarks contribute to the gluon fusion production of di-Higgs through loop e↵ects and can be used to place
limits on f [81]. The resulting limits on c and b do not improve on limits from single Higgs production. Di-
Higgs production at the HL-LHC does, however, provide some limits on the first generation Yukawa couplings as
shown in Figure 28. Without a UV model these large values of the first generation Yukawa couplings would be
hard to reconcile with other measurements. However, in Section V B1 we discuss how there is a new mechanism
that can easily accommodate shifts in the first and second generation Yukawa couplings without being conflict with
experimental data.

A variety of beyond the Standard Model scenarios predict new resonances decaying to a pair of Higgs bosons.

Combined with HLLHC 50%
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Figure 9.12: Uncertainties on the Higgs self-coupling projected for the High-Luminosity LHC
and for other future colliders, at various stages, by the ECFA Higgs@Future Colliders working
group [574]. The results are presented as uncertainties on ∑3 = ∑∏. In the bar graphs, results from
the direct method are shown with solid bars and result from the indirect method with hatched bars.
The estimates for the indirect determination of the self-coupling are based on a multi-parameter
SMEFT analysis which also takes into account projected results from the LHC. Estimates in paren-
theses correspond to a 1-parameter fit without other new physics effects. The results for all e+e°

colliders include the projected single-H and H H results from the HL-LHC, approximated by a 50%
uncertainty in ∑∏.

ning time or, in the case of circular machines, doubling the number of detectors. We emphasise
again that this measurement is essentially free of model dependent assumptions within the broad
class of models that can be described by the SMEFT.

9.9 The quartic Higgs self-coupling

F. Maltoni, D. Pagani

Up to this point in our discussion of e+e° probes of the Higgs potential, we have only considered
dimension-6 operators in the SMEFT. For operators that specifically modify the Higgs potential, we
have considered only one higher-dimension operator, the operator with coefficient c6 in Eq. (2.10)
whose main role is to shift the coupling ∏3. More general modifications of the Higgs potential are
available from operators of higher dimension. It is relevant to ask whether inclusion of this possi-
bility affects the determination of c6 or ∏3.

This question was studied for the first time in Ref. [128]. This paper considered the two-parameter
Higgs potential modification
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Figure 10.2: From Ref. [275], sample Feynman diagrams illustrating the effects of the Higgs trilinear
self-coupling on single Higgs process at next-to-leading order.

Figure 10.3: Indirect measurements of the Higgs self-coupling at FCC-ee combining runs at different
energies.

are equally important to fix extra parameters that would otherwise enter the global Higgs fit and open flat
directions that cannot be resolved.

10.5 FCC-hh: Direct Probes
At FCC-hh, the Higgs self-coupling can be probed directly via Higgs-pair production. The cross sec-
tions for several production channels are given [276] in Table 10.1, where the quoted systematics reflect
today’s state of the art, and are therefore bound to be significantly improved by the time of FCC-hh
operations.

The most studied channel, in view of its large rate, is gluon fusion (see Fig. 10.1). In the SM
there is a large destructive interference between the diagram with the top-quark loop and that with the
self-coupling. While this interference suppresses the SM rate, it makes the rate more sensitive to possible
deviations from the SM couplings, the sensitivity being enhanced after NLO corrections are included, as
shown in the case of gg!HH in Ref. [277], where the first NLO calculation of �(gg!HH) inclusive of
top-mass effects was performed. For values of � close to 1, 1/�HHd�HH/d� ⇠ �1, and a measure-
ment of � at the few percent level requires therefore the measurement and theoretical interpretation of
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collider Indirect-h hh combined
HL-LHC [78] 100-200% 50% 50%

ILC250/C3-250 [51, 52] 49% � 49%
ILC500/C3-550 [51, 52] 38% 20% 20%

CLIC380 [54] 50% � 50%
CLIC1500 [54] 49% 36% 29%
CLIC3000 [54] 49% 9% 9%
FCC-ee [55] 33% � 33%

FCC-ee (4 IPs) [55] 24% � 24%
FCC-hh [79] - 3.4-7.8% 3.4-7.8%
µ(3 TeV) [64] - 15-30% 15-30%
µ(10 TeV) [64] - 4% 4%

TABLE IX: Sensitivity at 68% probability on the Higgs cubic self-coupling at the various future colliders. Values for indirect
extractions of the Higgs self-coupling from single Higgs determinations below the first line are taken from [2]. The values quoted
here are combined with an independent determination of the self-coupling with uncertainty 50% from the HL-LHC.
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FIG. 27: Limits on the Higgs self-coupling at future machines.

GeV and at hadron machines (FCC-hh).
The proposed e

+
e
� Higgs factories—CEPC, ILC, C3 , CLIC, and FCC-ee—can access the Higgs self-coupling

through analysis of single Higgs measurements. This relies on the fact that these colliders will measure a large
number of individual single Higgs reactions with high precision, allowing an indirect analysis of possible new physics
contributions to the self coupling through loop e↵ects. It will be important to have data at two di↵erent center of
mass energies to increase the level of precision and this requires reaching the second stage of a staged run plan.

The values for the indirect Higgs measurement of the self-coupling given in Table IX are combined with a HL-LHC
projected error of 50% [2, 80]. Thus, only values well below 50% represent a significant improvement. The various
estimates are computed using di↵erent assumptions on the inclusion of SMEFT parameters representing other new
physics e↵ects. On the other hand, many of the values quoted for hh production are derived from fits including the
single parameter � only. At e

+
e
� colliders it is more straightforward to simulate the relevant backgrounds, but

there is less experience with the high-energy regime studied here. The uncertainties in the direct determinations at
e
+
e
� colliders are computed using full-simulation analyses based on current analysis methods. These have much room

for improvement when the actual data is available. The analyses at hadron colliders are based on estimates of the
achievable detector performance in the presence of very high pileup. These are extrapolations, but the estimates are
consistent with the improvements in analysis methods that we have seen already at the LHC.

The projected sensitivities to the Higgs boson self-coupling at the various future colliders are presented in Ta-
ble IX and shown graphically in Fig. 27. A measurement with O(20%) on the Higgs self-coupling would allow to
exclude/demonstrate at 5� some models of electroweak baryogenesis as discussed in Section V.

Light quarks contribute to the gluon fusion production of di-Higgs through loop e↵ects and can be used to place
limits on f [81]. The resulting limits on c and b do not improve on limits from single Higgs production. Di-
Higgs production at the HL-LHC does, however, provide some limits on the first generation Yukawa couplings as
shown in Figure 28. Without a UV model these large values of the first generation Yukawa couplings would be
hard to reconcile with other measurements. However, in Section V B1 we discuss how there is a new mechanism
that can easily accommodate shifts in the first and second generation Yukawa couplings without being conflict with
experimental data.

A variety of beyond the Standard Model scenarios predict new resonances decaying to a pair of Higgs bosons.

Combined with HLLHC 50%

CAREFUL:  This indirect determination may not be “robust” if other poorly 
constrained operators correct the process at NLO.  All operators entering at 
NLO must be included. E.g. 4-Top quark operators

(d)(c)

(b)(a)

(e)

/

/ /

Figure 1: Example Feynman diagrams for four-fermion-operator contributions to the Higgs
production via gluon fusion. The red box indicates the four-fermion operator.

3 Contribution of four-quark operators to Higgs pro-

duction and decay

In this section, we discuss the contribution of the third generation four-quark operators to
various Higgs production mechanisms and Higgs decay channels.

3.1 Higgs coupling to gluons and photons

We start by discussing the calculation of the Higgs couplings to gluons and photons. The
four-quark operators enter these couplings at the two-loop level. The diagrams are shown
in fig. 1. There are three classes of diagrams: (a) corrections to the top-quark propagator,
(b) corrections to the Higgs Yukawa coupling and (c) corrections to the ttg and tt� vertices.
The latter turns out to be zero when the gluons or photons are on-shell. The first and
second type of corrections are left-right transitions hence the only contributions stem from
the operators with Wilson coe�cients C

(1),(8)

Qt
, C

(1),(8)

QtQb
and C

(1),(8)

Qb
. As can be inferred from

the diagrams in fig. 1 the result can be expressed as a product of one-loop integrals. We
computed the diagrams in two independent calculations making use of di↵erent computer

5

Figure 2: Feynman diagram contributing to the NLO h ! bb process.

expression for the correction to the h ! bb decay rate in the presence of O
(1),(8)

QtQb
,

�
h!bb

�SM
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=1 +
1

16⇡2
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(m2

h
� 4m2

t
)
(2Nc + 1)C(1)

QtQb
+ cFC

(8)

QtQb

⇤2
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"
2 +

s

1 �
4m2
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h

log(xt) � log

✓
m

2

t

µ2

R

◆#
,

(23)

which carries an enhancement factor of mt/mb and is hence expected to be rather large.
Again, we have neglected subdominant contributions suppressed by the bottom mass from
the operators O

(1),(8)

Qb
. Including the leading logarithmic running of Cb� of eq. (22) from

the high scale ⇤ to the electroweak scale is achieved by setting in eq. (23) µR ! ⇤. The
expression in eq. (23) agrees with the results obtained from a full calculation of the NLO
e↵ects in the dimension-six SMEFT, first computed in [36].

This closes the discussion of the main e↵ects that the third-generation four-quark op-
erators can have in the di↵erent Higgs decay widths.5 Note also that these modifications
of the Higgs decay rate to photons, gluons and, especially, bottom quarks, a↵ect all the
branching ratios (BRs) due to the modification of the Higgs total width, and therefore have
an observable e↵ect in all Higgs processes measured at the LHC.

3.3 Associated production of a Higgs boson with top quarks

The tth process receives NLO corrections from four-quark operators from a large number
of diagrams. The process can be initiated either by gluons, see fig. 3 for a sample of the
corresponding diagrams, or by a quark anti-quark pair, see fig. 4. The triangle and box
topologies (shown as (d) and (e) in fig. 3 and as (b) in fig. 4) are finite. We have computed
the leading NLO contributions for both types of processes, via the interference of the four-
quark loops with the LO QCD amplitudes. For the computation of the quark-initiated
contributions we adopt a four-flavour scheme We note that within a five-flavour scheme
operators containing both bottom and top quarks lead to a LO contribution from a direct
contact diagram. Nevertheless, this gives an overall negligible correction as the bb initiated
tth process is suppressed by the small bottom parton distribution functions. The e↵ect of
changing the flavour scheme results in an uncertainty of 1 � 2%.

5
Four-fermion operators also a↵ect the h ! Z� partial width. However, as in the diphoton case, the

e↵ect is expected to be small due to the dominance of the W boson loop. Because of this, and given the

smallness of the h ! Z� branching ratio and the relatively low precision expected in this channel at the

LHC, we neglect the e↵ects of four-fermion interactions in this decay.

9

(a) (b)

(c) (d)

(e)

Figure 3: Example Feynman diagrams including the four-fermion loop contributions to the
gg ! tth subprocess.

The NLO e↵ects were obtained via an analytic computation6, based on the reduction
of one-loop amplitudes via the method developed by G. Ossola, C.G. Papadopoulos and
R. Pittau (OPP reduction) [37]. The OPP reduction was done using the CutTools pro-
gramme [38]. It reduces the one-loop amplitude into 1,2,3 and 4-point loop functions in
four dimensions, keeping spurious terms from the ✏ part of the amplitude. To correct for
such terms, one needs to compute the divergent UV counterterm as well as a finite rational
terms, denoted R2 as in ref. [39].7 The amplitudes were generated in the same way as for
gluon fusion. The UV and R2 counterterms, that need to be supplemented to CutTools,
were computed manually following the method detailed in [39]. The UV counterterms are
the same as for gluon fusion, in addition to a new one that is needed to be introduced to
renormalise diagrams of type (c) in fig. 3 and fig. 4. This is due to the operator mixing of
light – heavy four-quark operators with heavy four-quark operators. E↵ectively, this leads

6
The FORTRAN code containing this analytical calculation can be provided on request.

7
Another rational term R1 appears due to the mismatch between the four and d dimensional amplitudes,

but this is computed automatically in CutTools.

10

Sizable effect in production at hadron colliders Also affects 
e+e- measurementsL. Alasfar, JB, R. Gröber, JHEP 05 (2022) 111

Much milder effect from 4 top operators expected at  e+e- (EW production+ inclusive ZH) 
but global analysis including all operators at NLO needed to assess robustness 

of κλ determination
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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:

�̂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:
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2
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. (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
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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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= �̂g⌫
Z,L

� �̂ge
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, �̂gq
W,L
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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
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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
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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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 :

�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
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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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include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
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• Vector couplings to fermions: while corrections to the QED and QCD ver-
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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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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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Still, a clear advantage for the Tera Z option (and Giga Z for most couplings)  
in terms of precision reach

Radiative return measurements still bring a significant improvement in our 
knowledge of EW interactions

EW couplings in the dimension-6 SMEFT fit
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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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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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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. Note
the Higgs total width measurement from the o↵-shell Higgs processes at the HL-LHC is not
included in the global fit.
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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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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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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. Note
the Higgs total width measurement from the o↵-shell Higgs processes at the HL-LHC is not
included in the global fit.
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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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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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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. Note
the Higgs total width measurement from the o↵-shell Higgs processes at the HL-LHC is not
included in the global fit.
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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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scan. There is a potential at the HL-LHC to determine the Higgs total width using
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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
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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. Note
the Higgs total width measurement from the o↵-shell Higgs processes at the HL-LHC is not
included in the global fit.
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Figure 7: Global one-sigma reach on Higgs and triple-gauge couplings at the ILC, for three
di�erent beam polarization configurations. Electroweak measurements from LEP and SLD
as well as HL-LHC projections are included in all scenarios. Electroweak parameters (not
shown) are marginalized over.
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æ Zh : As described in ref. [15], ALR being small, the rate enhancement for the

P (e≠, e+) = (≠80%, +30%) beam polarization configuration over the (+80%, ≠30%)
is compensated by the slightly lower background in the latter. So we assume that the
statistical uncertainties will be the same for the (±80%, û30%) configurations. For
scaling to other polarization configurations, we assume no significant role is played
by ALR in equation (3.1) and use the following formula:
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• e+e≠
æ ‹‹h : Being driven by W boson fusion, we use equation (3.2) to scale the

statistical errors for the di�erent polarizations.

On the other hand, systematic uncertainties are assumed to be polarization independent.
For unpolarized beams, no uncertainty is however associated with the determination of the
polarization.

In the rest of this section, focusing for concreteness on ILC run scenarios, we briefly in-
vestigate the e�ects of beam polarization on Higgs and triple-gauge coupling measurements.
The reaches obtained with P (e≠, e+) = (û80%, ±30%), (û80%, 0%) and the unpolarized
configurations are shown in figure 7. Electroweak parameters are marginalized over. Com-
pared to the reach obtained with unpolarized beams, after the first stages of ILC, sizeable
improvements of about 50% are brought by polarization on ”gZZ
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and ”gW W
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cisions. A small indirect impact is also observed on ”gbb
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and ”g··
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. It arises mainly from

the additional discrimination power provided by the two di�erent beam polarizations, each
sensitive to di�erent combinations of parameters. The increase in e+e≠

æ Zh cross-section
only induces a limited improvement. This explains the small impact of positron beam po-
larization: two (û80%, 0%) electron beam polarization configurations already e�ectively
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P (e≠, e+) = (≠80%, +30%) beam polarization configuration over the (+80%, ≠30%)
is compensated by the slightly lower background in the latter. So we assume that the
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On the other hand, systematic uncertainties are assumed to be polarization independent.
For unpolarized beams, no uncertainty is however associated with the determination of the
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di�erent beam polarization configurations. Electroweak measurements from LEP and SLD
as well as HL-LHC projections are included in all scenarios. Electroweak parameters (not
shown) are marginalized over.
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æ Zh : As described in ref. [15], ALR being small, the rate enhancement for the

P (e≠, e+) = (≠80%, +30%) beam polarization configuration over the (+80%, ≠30%)
is compensated by the slightly lower background in the latter. So we assume that the
statistical uncertainties will be the same for the (±80%, û30%) configurations. For
scaling to other polarization configurations, we assume no significant role is played
by ALR in equation (3.1) and use the following formula:
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statistical errors for the di�erent polarizations.

On the other hand, systematic uncertainties are assumed to be polarization independent.
For unpolarized beams, no uncertainty is however associated with the determination of the
polarization.

In the rest of this section, focusing for concreteness on ILC run scenarios, we briefly in-
vestigate the e�ects of beam polarization on Higgs and triple-gauge coupling measurements.
The reaches obtained with P (e≠, e+) = (û80%, ±30%), (û80%, 0%) and the unpolarized
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percent. For comparison, the improvement of constraints brought by a factor 1.12 increase
in luminosity in shown in orange. This factor is the purely statistical gain on e+e≠
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æ ‹‹h rate incurred with (û80%, ±30%) beam polarization. The grey band is

representative of a 5.6% gain (
Ô

1.24 ◊ 0.9 ≠ 1). The numerical inputs for P (e≠, e+) =
(û80%, ±30%) and unpolarized beams are taken from table 1.

resolve approximate degeneracies. The inclusion of a 500 GeV run provides significant dis-
criminating powers and can largely compensate the lack of beam polarizations in the ”gZZ

H

and ”gW W

H
coupling reach.

We also observe small di�erences (10–20%) between polarized and unpolarized cases
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, ”g1,Z and ”Ÿ“ couplings. These are enhanced by the inclusion of the higher-

energy runs. As pointed out in ref. [14], the sensitivity of the hZ production process to
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su�ers from an accidental suppression for unpolarized beams. The h æ Z“ measure-
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incurred without beam polarization is limited. Additional measurements of the hZ process
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izations. For ”g1,Z and ”Ÿ“ , the discriminating power provided by the higher-energy runs
is also insu�cient to o�set the enhanced degeneracies in the diboson process, as observed
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Figure 5: Impact of the parametric and intrinsic theory errors on the determination of the
e↵ective Higgs and EW couplings from the SMEFT fit. The impact is plotted in terms
of the ratio between the uncertainties, �g, obtained when a given source of SM theory
errors is included in the global fit and the ones derived in the case when these are not
included, �gNo Error. The results indicated by the dark bars assume only parametric errors
are included; in the light bars both parametric and intrinsic errors as projected in the future
are included; finally, the thin “T” lines denote the case when future parametric errors and
current intrinsic theory uncertainties are included.
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Figure 5: Impact of the parametric and intrinsic theory errors on the determination of the
e↵ective Higgs and EW couplings from the SMEFT fit. The impact is plotted in terms
of the ratio between the uncertainties, �g, obtained when a given source of SM theory
errors is included in the global fit and the ones derived in the case when these are not
included, �gNo Error. The results indicated by the dark bars assume only parametric errors
are included; in the light bars both parametric and intrinsic errors as projected in the future
are included; finally, the thin “T” lines denote the case when future parametric errors and
current intrinsic theory uncertainties are included.
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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. Note
the Higgs total width measurement from the o↵-shell Higgs processes at the HL-LHC is not
included in the global fit.
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Figure 5: Impact of the parametric and intrinsic theory errors on the determination of the
e↵ective Higgs and EW couplings from the SMEFT fit. The impact is plotted in terms
of the ratio between the uncertainties, �g, obtained when a given source of SM theory
errors is included in the global fit and the ones derived in the case when these are not
included, �gNo Error. The results indicated by the dark bars assume only parametric errors
are included; in the light bars both parametric and intrinsic errors as projected in the future
are included; finally, the thin “T” lines denote the case when future parametric errors and
current intrinsic theory uncertainties are included.
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Figure 5: Impact of the parametric and intrinsic theory errors on the determination of the
e↵ective Higgs and EW couplings from the SMEFT fit. The impact is plotted in terms
of the ratio between the uncertainties, �g, obtained when a given source of SM theory
errors is included in the global fit and the ones derived in the case when these are not
included, �gNo Error. The results indicated by the dark bars assume only parametric errors
are included; in the light bars both parametric and intrinsic errors as projected in the future
are included; finally, the thin “T” lines denote the case when future parametric errors and
current intrinsic theory uncertainties are included.
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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. Note
the Higgs total width measurement from the o↵-shell Higgs processes at the HL-LHC is not
included in the global fit.

33

SMParam.: Consider only SM parametric uncertainties (Default)
SMFull(Future): Consider SM parametric uncertainties + projected future TH calculations
SMFull(Current): Consider SM parametric uncertainties + current TH calculations
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Figure 5: Impact of the parametric and intrinsic theory errors on the determination of the
e↵ective Higgs and EW couplings from the SMEFT fit. The impact is plotted in terms
of the ratio between the uncertainties, �g, obtained when a given source of SM theory
errors is included in the global fit and the ones derived in the case when these are not
included, �gNo Error. The results indicated by the dark bars assume only parametric errors
are included; in the light bars both parametric and intrinsic errors as projected in the future
are included; finally, the thin “T” lines denote the case when future parametric errors and
current intrinsic theory uncertainties are included.
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Table 31: Current and future (relative) uncertainties in the SM predictions for the dif-
ferent Higgs decay channels. The future parametric uncertainties correspond to an as-
sumed precision of �mb = 13 MeV, �mc = 7 MeV, �mt = 50 MeV, �↵s = 0.0002 and
�mH = 10 MeV.

Decay current unc. �� [%] future unc. �� [%]

ThIntr Thmq

Par Th↵s

Par ThmH

Par ThIntr Thmq

Par Th↵s

Par ThmH

Par

H ! bb < 0.4 1.4 0.4 � 0.2 0.6 < 0.1 �

H ! ⌧+⌧� < 0.3 � � � < 0.1 � � �

H ! cc < 0.4 4.0 0.4 � 0.2 1.0 < 0.1 �

H ! µ+µ� < 0.3 � � � < 0.1 � � �

H ! W+W� 0.5 � � 2.6 0.3 � � 0.1

H ! gg 3.2 < 0.2 3.7 � 1.0 � 0.5 �

H ! ZZ 0.5 � � 3.0 0.3 � � 0.1

H ! �� < 1.0 < 0.2 � � < 1.0 � � �

H ! Z� 5.0 � � 2.1 1.0 � � 0.1
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Table 30: Current and future (absolute) theory uncertainties in the SM predictions for
di↵erent EWPO. Future parametric uncertainties correspond to �mH = 10 MeV, �mt =
20 MeV, �↵s(mZ) = 0.0002, �mZ = 0.1 MeV and two uncertainties for �↵(mZ)�1 =
17.8/3.2. The latter has a particular impact in the uncertainties of the W mass and the
e↵ective weak mixing angle. Current parametric uncertainties from [48].

EWPO current unc. �O future unc. �O

ThIntr ThPar ThIntr ThPar

MW [MeV] 4 4.2 1 2.4/0.6

sin2 ✓W 5 · 10�5 4 · 10�3 1.5 · 10�5 4.5 · 10�5/10�5

�Z [MeV] 0.4 0.6 0.15 0.16/0.1

�0
had [pb] 6 5.3 n/a 1/1

R0
`

6 · 10�3 6.3 · 10�3 1.5 · 10�3 1.5 · 10�3/1.2 · 10�3

R0
c

5 · 10�5 2 · 10�5 n/a 4.7 · 10�6/3.9 · 10�6

R0
b

11 · 10�5 2 · 10�5 5 · 10�5 2.8 · 10�6/2.3 · 10�6

of the corresponding SM input in Table 3. For the strong coupling constant at the Z
pole and the Top mass, both missing in that table, we assume the following: a) an
independent determination of ↵s(MZ) from lattice QCD will bring up a determination
with an uncertainty ⇠ 0.0002; b) the HL-LHC will be able to measure mt with an
uncertainty of the order of 400 MeV, which would be reduced at a future e+e� factory
running at the tt threshold down to ⇠ 20 MeV.

For single Higgs production, following [45], we assume the current theory uncer-
tainty for e+e� ! ZH and e+e� ! ⌫⌫H via W boson fusion is of O(1%), due to
the missing 2-loop e↵ects.∗ With the full 2-loop calculation for the ZH process, the
uncertainty is expected to be reduced to . 0.3%, whereas in the more complicated
case of W boson fusion, a partial result could bring the uncertainty below 1%. The
uncertainties for Higgs decays, also from [45], are summarized in table 31.

Finally, for the e+e� ! W+W� process, we used our own projections obtained
via the optimal observable method. Unfortunately, there are no estimates available
for the SM theory uncertainties in this case.

In order to quantify the impact of these SM uncertainties we consider the results
derived from a series of fits analogous to the one presented above in di↵erent scenarios:

∗The two-loop corrections to e
+
e
�
! ZH have been recently computed in [46,47].
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Figure 5: Impact of the parametric and intrinsic theory errors on the determination of the
e↵ective Higgs and EW couplings from the SMEFT fit. The impact is plotted in terms
of the ratio between the uncertainties, �g, obtained when a given source of SM theory
errors is included in the global fit and the ones derived in the case when these are not
included, �gNo Error. The results indicated by the dark bars assume only parametric errors
are included; in the light bars both parametric and intrinsic errors as projected in the future
are included; finally, the thin “T” lines denote the case when future parametric errors and
current intrinsic theory uncertainties are included.
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Table 31: Current and future (relative) uncertainties in the SM predictions for the dif-
ferent Higgs decay channels. The future parametric uncertainties correspond to an as-
sumed precision of �mb = 13 MeV, �mc = 7 MeV, �mt = 50 MeV, �↵s = 0.0002 and
�mH = 10 MeV.
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ThIntr Thmq
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Table 30: Current and future (absolute) theory uncertainties in the SM predictions for
di↵erent EWPO. Future parametric uncertainties correspond to �mH = 10 MeV, �mt =
20 MeV, �↵s(mZ) = 0.0002, �mZ = 0.1 MeV and two uncertainties for �↵(mZ)�1 =
17.8/3.2. The latter has a particular impact in the uncertainties of the W mass and the
e↵ective weak mixing angle. Current parametric uncertainties from [48].

EWPO current unc. �O future unc. �O

ThIntr ThPar ThIntr ThPar

MW [MeV] 4 4.2 1 2.4/0.6

sin2 ✓W 5 · 10�5 4 · 10�3 1.5 · 10�5 4.5 · 10�5/10�5

�Z [MeV] 0.4 0.6 0.15 0.16/0.1

�0
had [pb] 6 5.3 n/a 1/1

R0
`

6 · 10�3 6.3 · 10�3 1.5 · 10�3 1.5 · 10�3/1.2 · 10�3

R0
c

5 · 10�5 2 · 10�5 n/a 4.7 · 10�6/3.9 · 10�6

R0
b

11 · 10�5 2 · 10�5 5 · 10�5 2.8 · 10�6/2.3 · 10�6
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uncertainty is expected to be reduced to . 0.3%, whereas in the more complicated
case of W boson fusion, a partial result could bring the uncertainty below 1%. The
uncertainties for Higgs decays, also from [45], are summarized in table 31.

Finally, for the e+e� ! W+W� process, we used our own projections obtained
via the optimal observable method. Unfortunately, there are no estimates available
for the SM theory uncertainties in this case.

In order to quantify the impact of these SM uncertainties we consider the results
derived from a series of fits analogous to the one presented above in di↵erent scenarios:

∗The two-loop corrections to e
+
e
�
! ZH have been recently computed in [46,47].
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EW/Higgs couplings in the dimension-6 SMEFT fit
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Figure 5: Impact of the parametric and intrinsic theory errors on the determination of the
e↵ective Higgs and EW couplings from the SMEFT fit. The impact is plotted in terms
of the ratio between the uncertainties, �g, obtained when a given source of SM theory
errors is included in the global fit and the ones derived in the case when these are not
included, �gNo Error. The results indicated by the dark bars assume only parametric errors
are included; in the light bars both parametric and intrinsic errors as projected in the future
are included; finally, the thin “T” lines denote the case when future parametric errors and
current intrinsic theory uncertainties are included.

40
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Future projections assume  
full 3-loop + leading 4-loop (Yt enhanced)
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with an uncertainty ⇠ 0.0002; b) the HL-LHC will be able to measure mt with an
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running at the tt threshold down to ⇠ 20 MeV.

For single Higgs production, following [45], we assume the current theory uncer-
tainty for e+e� ! ZH and e+e� ! ⌫⌫H via W boson fusion is of O(1%), due to
the missing 2-loop e↵ects.∗ With the full 2-loop calculation for the ZH process, the
uncertainty is expected to be reduced to . 0.3%, whereas in the more complicated
case of W boson fusion, a partial result could bring the uncertainty below 1%. The
uncertainties for Higgs decays, also from [45], are summarized in table 31.

Finally, for the e+e� ! W+W� process, we used our own projections obtained
via the optimal observable method. Unfortunately, there are no estimates available
for the SM theory uncertainties in this case.

In order to quantify the impact of these SM uncertainties we consider the results
derived from a series of fits analogous to the one presented above in di↵erent scenarios:
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Somewhat limited by both SM input precision  
(future measurements, esp. α(ΜΖ)) and theory uncertainty
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Summary

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

‣ Charm Yukawa

‣ Improved determination of self-coupling

✓ Higgs width with 1% precision

• Optimizing Higgs precision also relies in other measurements of the EW 
sector: Z-pole observables, diBoson production, adding to the own value of 
those measurements

• Current studies the EW/Higgs precision physics program at e+e- allows to test 
around O(30) from EW/Higgs measurements…

• … But still a lot of work to do:

✓ Strange Yukawa, light quark EW interactions, CP-violation, Flavor violating 
couplings,…

✓ Projections: systematics in WW?
Jorge de Blas 
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• Ongoing efforts as part of the ECFA e+e- Higgs/EW/Top factory studies:
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Snowmass SMEFT fit inputs

• Electroweak precision observables

Quantity current ILC250 ILC-GigaZ FCC-ee CEPC CLIC380

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

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

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

�mH (MeV) 170⇤ 14 2.5 (2) 5.9 78

��W (MeV) 42⇤ 2 1.2 (0.3) 1.8 (0.9)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

4.3 Top-quark measurements

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

• Higgs observables: HL-LHC

HL-LHC 3 ab�1 ATLAS+CMS

Prod. ggH VBF WH ZH ttH

� - - - - -

� ⇥ BRbb 19.1 - 8.3 4.6 10.7

� ⇥ BRcc - - - - -

� ⇥ BRgg - - - - -

� ⇥ BRZZ 2.5 9.5 32.1 58.3 15.2

� ⇥ BRWW 2.5 5.5 9.9 12.8 6.6

� ⇥ BR⌧⌧ 4.5 3.9 - - 10.2

� ⇥ BR�� 2.5 7.9 9.9 13.2 5.9

� ⇥ BR�Z 24.4 51.2 - - -

� ⇥ BRµµ 11.1 30.7 - - -

� ⇥ BRinv. - 2.5 - - -

�mH 10-20 MeV - - - -

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

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

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 1.07 - 1.07 -

� ⇥ BRbb 0.714 4.27 0.714 17.4

� ⇥ BRcc 4.38 - 4.38 -

� ⇥ BRgg 3.69 - 3.69 -

� ⇥ BRZZ 9.49 - 9.49 -

� ⇥ BRWW 2.43 - 2.43 -

� ⇥ BR⌧⌧ 1.7 - 1.7 -

� ⇥ BR�� 17.9 - 17.9 -

� ⇥ BR�Z 63 - 59 -

� ⇥ BRµµ 37.9 - 37.9 -

� ⇥ BRinv. 0.336 - 0.277 -

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

• Higgs observables: Circular e+e- Colliders (FCCee/CEPC)

FCCee240 5ab�1 CEPC240 20ab�1

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 0.5(0.537) - 0.26 -

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

� ⇥ BRcc 2.2(2.08) - 2.02 -

� ⇥ BRgg 1.9(1.75) - 0.81 -

� ⇥ BRZZ 4.4(4.49) - 4.17 -

� ⇥ BRWW 1.2(1.16) - 0.53 -

� ⇥ BR⌧⌧ 0.9(0.822) - 0.42 -

� ⇥ BR�� 9(8.47) - 3.02 -

� ⇥ BR�Z (17⇤) - 8.5 -

� ⇥ BRµµ 19(17.9) - 6.36 -

� ⇥ BRinv. 0.3(0.226) - 0.07 -

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

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

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 1.5(1.43) - 1.8(1.43) -

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

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

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

� ⇥ BRZZ (19.7) (16.1) (19.7) (46)

� ⇥ BRWW 5.1(4.4) (4.6) (4.4) (14)

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

� ⇥ BR�� (31) (36) (31) (108)

� ⇥ BRµµ (69) (129) (69) (129)

� ⇥ BRinv. 0.57(0.68) - 0.64(0.64) -

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

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 2.46 - 4.3 -

� ⇥ BRbb 2.05 2.46 3.5 17.7

� ⇥ BRcc 15 25.9 25.9 186

� ⇥ BRgg 11.4 10.5 19.8 75

� ⇥ BRZZ 34 27.2 59 191

� ⇥ BRWW 7.6 7.8 13.2 57

� ⇥ BR⌧⌧ 5.5 21.8 9.4 156

� ⇥ BR�� 53 61 92 424

� ⇥ BRµµ 118 218 205 1580

� ⇥ BRinv. 1.15 - 1.83 -

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

1.5 ab�1 FCC-ee365 1.0 ab�1 CEPC360

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 0.9(0.84) - 1.4(1.02) -

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

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

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

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

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

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

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

� ⇥ BRµµ 40(40) (100) 41(48) 57(123)

� ⇥ BRinv. 0.60(0.42) - (0.49) -

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

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

HL-LHC 3 ab�1 ATLAS+CMS

Prod. ggH VBF WH ZH ttH
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� ⇥ BRbb 19.1 - 8.3 4.6 10.7

� ⇥ BRcc - - - - -

� ⇥ BRgg - - - - -

� ⇥ BRZZ 2.5 9.5 32.1 58.3 15.2

� ⇥ BRWW 2.5 5.5 9.9 12.8 6.6

� ⇥ BR⌧⌧ 4.5 3.9 - - 10.2

� ⇥ BR�� 2.5 7.9 9.9 13.2 5.9

� ⇥ BR�Z 24.4 51.2 - - -

� ⇥ BRµµ 11.1 30.7 - - -

� ⇥ BRinv. - 2.5 - - -

�mH 10-20 MeV - - - -

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

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

Prod. ZH ⌫⌫H ZH ⌫⌫H
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Table 5: Projected uncertainties of Higgs observables at ILC250: numbers by default in %.
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� 2.46 - 4.3 -

� ⇥ BRbb 2.05 2.46 3.5 17.7

� ⇥ BRcc 15 25.9 25.9 186

� ⇥ BRgg 11.4 10.5 19.8 75

� ⇥ BRZZ 34 27.2 59 191

� ⇥ BRWW 7.6 7.8 13.2 57

� ⇥ BR⌧⌧ 5.5 21.8 9.4 156

� ⇥ BR�� 53 61 92 424

� ⇥ BRµµ 118 218 205 1580

� ⇥ BRinv. 1.15 - 1.83 -

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

1.5 ab�1 FCC-ee365 1.0 ab�1 CEPC360

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 0.9(0.84) - 1.4(1.02) -

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

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

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

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

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

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

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

� ⇥ BRµµ 40(40) (100) 41(48) 57(123)

� ⇥ BRinv. 0.60(0.42) - (0.49) -
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ILC500 1.6 ab�1 (-0.8,+0.3) 1.6 ab�1 (+0.8,-0.3)

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 1.67 - 1.67 -

� ⇥ BRbb 1.01 0.42 1.01 1.52

� ⇥ BRcc 7.1 3.48 7.1 14.2

� ⇥ BRgg 5.9 2.3 5.9 9.5

� ⇥ BRZZ 13.8 4.8 13.8 19

� ⇥ BRWW 3.1 1.36 3.1 5.5

� ⇥ BR⌧⌧ 2.42 3.9 2.42 15.8

� ⇥ BR�� 18.6 10.7 18.6 44

� ⇥ BRµµ 47 40 47 166

� ⇥ BRinv. 0.83 - 0.60 -

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

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

Prod. ⌫⌫H ⌫⌫H

� ⇥ BRbb 0.32 1.0

� ⇥ BRcc 1.7 6.4

� ⇥ BRgg 1.3 4.7

� ⇥ BRZZ 2.3 8.4

� ⇥ BRWW 0.91 3.3

� ⇥ BR⌧⌧ 1.7 6.4

� ⇥ BR�� 4.8 17

� ⇥ BRµµ 17 64

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

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

FCCee240 5ab�1 CEPC240 20ab�1

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 0.5(0.537) - 0.26 -

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

� ⇥ BRcc 2.2(2.08) - 2.02 -

� ⇥ BRgg 1.9(1.75) - 0.81 -

� ⇥ BRZZ 4.4(4.49) - 4.17 -

� ⇥ BRWW 1.2(1.16) - 0.53 -

� ⇥ BR⌧⌧ 0.9(0.822) - 0.42 -

� ⇥ BR�� 9(8.47) - 3.02 -

� ⇥ BR�Z (17⇤) - 8.5 -

� ⇥ BRµµ 19(17.9) - 6.36 -

� ⇥ BRinv. 0.3(0.226) - 0.07 -

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

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

Prod. ZH ⌫⌫H ZH ⌫⌫H

� 1.5(1.43) - 1.8(1.43) -

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

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

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

� ⇥ BRZZ (19.7) (16.1) (19.7) (46)

� ⇥ BRWW 5.1(4.4) (4.6) (4.4) (14)

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

� ⇥ BR�� (31) (36) (31) (108)

� ⇥ BRµµ (69) (129) (69) (129)

� ⇥ BRinv. 0.57(0.68) - 0.64(0.64) -

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

Prod. ⌫⌫H ⌫⌫H

� ⇥ BRbb 0.25 1.5

� ⇥ BRcc 3.9 24

� ⇥ BRgg 3.3 20

� ⇥ BRZZ 3.6 22

� ⇥ BRWW 0.67 4.0

� ⇥ BR⌧⌧ 2.8 17

� ⇥ BR�� 10 60

� ⇥ BR�Z 28 170

� ⇥ BRµµ 24 150

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

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

Prod. ⌫⌫H ⌫⌫H

� ⇥ BRbb 0.17 1.0

� ⇥ BRcc 3.7 22

� ⇥ BRgg 2.3 14

� ⇥ BRZZ 2.1 13

� ⇥ BRWW 0.33 2.0

� ⇥ BR⌧⌧ 2.3 14

� ⇥ BR�� 5.0 30

� ⇥ BR�Z 16 95

� ⇥ BRµµ 13 80

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

• Higgs observables: Muon Colliders

MuC3000 3 ab�1

Prod. ⌫⌫H µµH

� ⇥ BRbb 0.8 2.6

� ⇥ BRcc 12 72

� ⇥ BRgg 2.8 14

� ⇥ BRZZ 11 34

� ⇥ BRWW 1.5 7.5

� ⇥ BR⌧⌧ 3.8 21

� ⇥ BR�� 6.4 23

� ⇥ BR�Z 45 -

� ⇥ BRµµ 28 -

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

MuC10000 10 ab�1

Prod. ⌫⌫H µµH

� ⇥ BRbb 0.22 0.77

� ⇥ BRcc 3.6 17

� ⇥ BRgg 0.79 3.3

� ⇥ BRZZ 3.2 11

� ⇥ BRWW 0.40 1.8

� ⇥ BR⌧⌧ 1.1 4.8

� ⇥ BR�� 1.7 4.8

� ⇥ BR�Z 12 -

� ⇥ BRµµ 5.7 -

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