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Why are top and Higgs friends?
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The top has the largest Yukawa coupling:  


The top quark is the only “natural” quark

mt =
yt

2
= 173GeV ⟶ yt = 0.99

Andreassen, Frost, Schwartz arXiv:1707.08124 


 

Top and Higgs play a

special role in the stability of the Universe

t
h h M2

H ∝ y2
t Λ2

The (little) hierarchy problem

Motivation for BSM with special connection to top: 

top partners, modified Yukawas etc

Large corrections for the Higgs mass
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Looking for the (un)known
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“SM” Higgs measurements Exotic searches for top partners

Production modes

theory	uncertain6es	start	to	maher

Measurement	precision		

•10%	uncertainty	on	ggF	
•20-30%	on	VBF	
•35%	hH(yy)	

→

The LHC offers a unique testing ground for New Physics


Expect the FCC to push this frontier even further
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Top lessons from Higgs measurements
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Figure 4: Excluded parameter space and expected sensitivities at the 2� CL of current and
future data for spin-0 (left), spin-1/2 (middle), and spin-1 (right) top-partners. We assume
that the two spin-0 top partners are degenerate in mass, mt̃1

= mt̃2
⌘ mt̃. We assume that

top partners contribute only in the hgg and h�� loops, there are no modifications of the
Higgs couplings to other SM particles, and there are no exotic or invisible Higgs decays. The
parameter space excluded by current LHC and Tevatron data is shown in dark gray, while
the expected sensitivity of the current data is shown in light gray. Future LHC runs and the
proposed future colliders (ILC, CEPC, and FCC-ee/hh) are shown in various colors.

6.1.2 Comparison of Constraints between Spin-0, Spin-1/2, and Spin-1

To compare constraints on spin-0 particles with constraints on spin-1/2 and spin-1, we focus
on the degenerate direction for spin-0 (mt̃1

= mt̃2
), because our canonical spin-1/2 and spin-1

models only have a single top partner. Recall that along the high-mass spin-0 degenerate
direction, the contributions from the left-handed sbottom and from stopD-terms only matter
at a few-percent level. For the remainder of Section 6, we set g

hb̃1b̃1
= 0, but require that

the choice of stop-sector masses and mixing allow the left-handed sbottom to be real, see
Section 5.1 (note that we include D-term contributions in the stop-sector, i.e., large tan�).

In Fig. 4 we show the current constraints and expected sensitivities for degenerate spin-
0 (left), spin-1/2 (middle), and spin-1 (right) top-partners. The current constraints from
Tevatron and LHC data for these di↵erent spin-states are about 350 GeV, 700 GeV, and
2.2 TeV, respectively. The LHC Run 4 is expected to improve on these by a few hundred GeV,

26

Essig, Meade, Ramani, Zhong arXiv:1707.03399

E.Vryonidou LHCP2018

The big news:Top-Higgs interaction

7

~20% accuracy

ttHH
First observation of ttH

Direct evidence of the coupling 
of the top to the Higgs

or

Heavy particles 
in the loops?

Fresh
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Direct evidence of the top Yukawa coupling
SMEFT interpretations
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phase. It is convenient to distinguish between these two cases, as they often lead to different
lineshapes, and the resolved case is more difficult to compute at NLO accuracy. In practice,
one may need to deal with a mixed scenario, if there are contributions from both light and
heavy loop particles.

2.1 Interference between signal and background

(a) (b) (c)

Figure 1. LO signal and background. Only one diagram from SM background is shown.

It has been noticed in an earlier work [22], and discussed in a series of recent works
[25, 26, 28, 48–52], that the production of a heavy scalar resonance leads to large interference
with the SM tt̄ background. This large interference could be further augmented by a
nontrivial relative phase between the signal and the SM background amplitude, possibly
leading to more complicated structures. Possible lineshapes can vary from a pure Breit-
Wigner (BW) resonance to peak-dip structures, pure dip structures, and even enhanced-
peak structures, depending on the details of the underlying model [25].

To briefly explain these effects, in Figure 1 we show the loop induced resonant Feynman
diagram (a), which in the heavy fermion limit can be described by a contact interaction
as in diagram (b), and a SM QCD background diagram (c). Due to the large production
rate in the SM, the interference is expected to be important. In particular for non-narrow
resonances, the interference can be larger than the signal.

The impact of the interference on the lineshape can be understood by considering the
heavy scalar propagator convoluted with the loop form factor of the top loop (we consider
only the top quark loop as a resolved loop) and the contact interaction from high scale
physics, which gives
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Top partners

SMEFT interpretations
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SMEFT: What is it all about?
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Effective Field Theory reveals high energy physics through precise measurements at low energy.

new

Standard Model

Effective Field Theory

UV physics (heavy particles)
Energy

Λ

LSM (�) + Ldim6(�) + . . .

LSM (�)

LNP (�,Z
0, X,Q, S . . . ){
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LHC global EFT fit: marginalised (1)

6

All coefficients allowed to 
be non-zero


For weakly coupled 
theories Λ bound below the 
TeV scale: EFT Validity???

Ellis, Madigan, Mimasu, Sanz, You arXiv:2012.02779

Strongly coupled
Weakly coupled

c6
i (μ)
Λ2
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LHC global EFT fit: marginalised (2)
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Posterior distributions Significant impact for most operators

in particular 4-fermion operators
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Higher Orders in 1/Λ4

squared dim-6 contributions

Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006
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Higher Orders in 1/Λ4

squared dim-6 contributions

Some operators remain unconstrained: Need more data/better probes/new colliders!

Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006
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What can we hope for the FCC?
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FCC-ee

FCC-hh

Cleaner environment 


Precision frontier


• can make very precise measurements

Messier environment


Energy frontier: 


• can push energy probed to 10s of TeV

4-lepton, 2-fermion, pure 
gauge, Higgs-gauge, top 
operators at 365 GeV

4-quark, 2-fermion, pure 
gauge, Higgs-gauge, top 
operators, 4-heavy 
operators

Which operators:
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What can we hope for?
Example: ZH production
Expected total cross-section uncertainty at FCC-ee: ~0.5%


9

Celada, EV et al in preparation

Using current LHC bounds from 
fitmaker: arXiv:2012.02779 

Bounds will be significantly better at the FCC-ee! 

δσ
σSM
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SMEFT prospects for FCC(-ee)
Snowmass study: arXiv: 2206.08326

10

• Snowmass: Updated for the SMEFT studies

12Jorge de Blas 
University of Granada 12
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Only possible at  
lepton colliders

Rates (signal strength)

(Inclusive) cross section
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Machine Pol. (e�, e+) Energy Luminosity Reference

HL-LHC Unpolarised 14 TeV 3 ab�1 [14]

ILC
(⌥80%, ±30%)

250 GeV 2 ab�1

[15]
350 GeV 0.2 ab�1

500 GeV 4 ab�1

(⌥80%,±20%) 1 TeV 8 ab�1

CLIC (±80%, 0%)

380 GeV 1 ab�1

[16]
1.5 TeV 2.5 ab�1

3 TeV 5 ab�1

FCC-ee Unpolarised

Z-pole 150 ab�1

[17]

2mW 10 ab�1

240 GeV 5 ab�1

350 GeV 0.2 ab�1

365 GeV 1.5 ab�1

CEPC Unpolarised

Z-pole 100 ab�1

[18]

2mW 6 ab�1

240 GeV 20 ab�1

350 GeV 0.2 ab�1

360 GeV 1 ab�1

MuC Unpolarised

125 GeV 0.02 ab�1

[19, 20]3 TeV 3 ab�1

10 TeV 10 ab�1

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

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

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

The physics case of a 3 TeV muon collider stage

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

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

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

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

– A “Signatory” expresses support to the efforts described in the report and endorses the Collabora-
tion plans.
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Update European Strategy study of de Blas et al., arXiv:1905.03764 

Setup: 
SMEFT truncated at linear level

CP-conserving

No 4-fermion operators (apart from Gf ones), no dipoles

Flavour universal (18 parameters) and flavour diagonal (30)



Eleni Vryonidou FCC Phenomenology Workshop, CERN

What we can learn: Higgs+EW

11

Snowmass SMEFT studies: EW/Higgs fit

21Jorge de Blas 
University of Granada 21

�gHZZ �gHWW �gH
��

�gH
Z� �g1,Z ��� �Z

10-4

10-3

10-2

10-1

1

10-6

10-5

10-4

10-3

10-2

H
ig
gs
co
up
lin
gs

aTG
C
s

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

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

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

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

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

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

�gH
gg �gHcc �gHbb �gH�� �gH

�� ��H
10-3

10-2

10-1

10-3

10-2

10-1

H
ig
gs
co
up
lin
gs

H
iggs

couplings

�gZ,Lee �gZ,Ree �gWe� �gZ,L
�� �gZ,R

�� �gW
�� �gZ,L�� �gZ,R�� �gW��

10-5

10-4

10-3

10-2

10-5

10-4

10-3

10-2

V
ff
co
up
lin
gs

V
ffcouplings

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

10-3

10-2

10-1

10-4

10-3

10-2

10-1

V
ff
co
up
lin
gs

V
ffcouplings

imposed U(2) in 1&2 gen quarks

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

Figure 4: Ratios of the measurement precision (shown in Fig. 3) to the one assuming per-
fect EW measurements (Z pole + W mass/width) in the constrained-�H fit. Results are
only shown for Higgs couplings and aTGCs with ratios significantly larger than one. For
CEPC/FCC-ee, we also show (with the thin bars) the results without their Z-pole measure-
ments.
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Default flavor assumptions:  
Same a SMEFTND  

from ESU2020

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

Busy plot: compare grey (HL-
LHC) with yellow (FCC-ee) and 
dark yellow (FCC-ee+365)

• Typically FCC-ee improves 
bounds by more than an order of 
magnitude compared to HL


• This is true for both Higgs 
couplings and Vff couplings


• Improvement is not significant for 
Zγ, γγ, μμ (dominated by HL-
LHC)Snowmass study: 


de Blas, Du, Grojean, Gu, Miralles, Peskin, Tian, Vos, EV arXiv: 2206.08326
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Goals of the Snowmass study: 
• Explore HL-LHC prospects

• Explore future collider prospects

• Do this in some some unified fit setup, with reasonable uncertainty assumptions

Coe�cients fitted

2-quark

CtG C3
'Q C�

'Q = C1
'Q � C3

'Q

C't C'b CtZ = cWCtW � sWCtB

– Ct' CtW

4-quark

C8
tu =

P
i=1,2

2C(i33i)
uu C8

td =
P
i=1,2,3

C8(33ii)
ud C1,8

Qq =
P
i=1,2

C1(i33i)
qq + 3C3(i33i)

qq

C8
Qu =

P
i=1,2

C8(33ii)
qu C8

Qd =
P
i=1,2,3

C8(33ii)
qd C3,8

Qq =
P
i=1,2

C1(i33i)
qq � C3(i33i)

qq

– – C8
tq =

P
i=1,2

C8(ii33)
uq

2-quark

2-lepton

Ceb Cet C+
lQ = C1

lQ + C3
lQ

Clb Clt C�
lQ = C1

lQ � C3
lQ

– – CeQ

Table 1. Here we present the Wilson coe�cients that have been fitted in our analysis in

terms of those of Table 2. Those in first block are related with the two-quark operators,

those in the second block with the four-quark operators and the last block is related with

the two-quark two-lepton operators.

of the SM with the dimension-eight operators that we ignore in this work. Even

if the known quadratic terms are often included in SMEFT fits [12], we opt for a

more conservative approach here and include only the linear ones. For the two-quark

operators similar constraints could be obtained while using linear and linear plus

quadratic terms, for most of the Wilson coe�cients, as shown in Ref. [13]. For the

four-quark operators the inclusion of quadratic terms helps to eliminate the blind

directions since they reduce the possibility of having strong cancellations among the

di↵erent contributions. This e↵ect can be observed when comparing the results of

Ref. [5] (where only linear terms are included) with the results of Ref. [4] (where

linear and quadratic terms are considered). Note also that, considering only linear

terms, we lose sensitivity to the four-quark operators featuring a colour-singlet top

current, since they do not interfere with the dominant QCD amplitudes for pair

production. We refer to Ref. [1] for a detailed study on the contributions of the

top-quark operators to the observables included.

The number of operators involved in the SMEFT description is prohibitive if one

adopts the most general flavour structure. We focus on the operator coe�cients of

the Warsaw basis [14] (see also Refs. [15, 16]) that involve at least one top quark,

as well as the bottom-quark operators that a↵ect the observables included in our

study. Motivated by the minimal flavour violation ansatz, a U(2)q ⌦ U(2)u ⌦ U(2)d
symmetry is imposed among the first two generations, as in the conventions proposed

by the LHC Top Working Group [12]. The three lepton generations are treated

– 3 –

• Following Top WG note

• Only colour octet 2-light-2-heavy 

operators

• No 4-heavy operators (see later)

• Only linear contributions𝒪(1/Λ2)

Durieux, Gutierez, Mantani, Miralles, Mirrales, Moreno, Poncelet, EV, Vos arXiv:2205.02140

What we can learn: Top sector
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Figure 1. The 95% probability bounds on the Wilson coe�cients for dimension-six oper-

ators that a↵ect the top-quark production and decay measurements listed in Table 3 after

run 2 of the LHC (in dark red) and prospects for the bounds expected after completion of

the complete LHC program, including the high-luminosity stage (in light red). Only linear

terms proportional to ⇤�2 are taken into account in the dependence of the observables on

the Wilson coe�cients. The individual bounds obtained from a single-parameter fit are

shown as solid bars, while the global or marginalised bounds obtained fitting all Wilson co-

e�cients at once are indicated by the full bars (shaded region in each bar). The correlations

between the Wilson coe�cients obtained in the global fit can be found in App. B.

improving the accuracy of fixed-order predictions beyond the factor two envisaged

in the S2 scenario, which already assumes significant advances in the theoretical cal-

culations, will lead to a direct improvement of the sensitivity. This will, however,

likely require N3LO precision for 2 ! 3 processes with top quarks in the final state.

The boosted regime is indeed confirmed as one of the keys to improving bounds

on the operators that a↵ect the top-quark pair production process. In particular, the

high-mtt̄ tail of the top-quark pair production measurements provides a significant

reduction in the allowed regions of the four-quark operators, which shrink by a factor

between two and five (depending on the operator) thanks to the enhanced sensitivity

in this regime and the more pronounced improvement in the measurement. This

e↵ect is present even in a fit that only includes the linear (O(⇤�2)) terms in the

– 7 –

Best improvement: 4-
fermion operators 
driven by differential 
measurements 
extending to higher 
energies


Not much improvement

 and  

(dominated by b at LEP 
but better at FCC)

C−
ϕQ C3

ϕQ

solid: individual

shaded: marginalised

Limited by theory and 
modelling uncertainties

2-quark-2-lepton not fitted

(need )tt̄ℓℓ̄

Difference in individual and marginalised limits persists at HL for 4-fermion operators

arXiv:2205.02140
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Machine Polarisation Energy Luminosity Reference

ILC P(e+, e�):(±30%, ⌥80%)

250 GeV 2 ab�1

[56]500 GeV 4 ab�1

1 TeV 8 ab�1

CLIC P(e+, e�):(0%, ±80%)

380 GeV 1 ab�1

[57]1.4 TeV 2.5 ab�1

3 TeV 5 ab�1

FCC-ee Unpolarised

Z-pole 150 ab�1

[58]
240 GeV 5 ab�1

350 GeV 0.2 ab�1

365 GeV 1.5 ab�1

CEPC Unpolarised

Z-pole 57.5 ab�1

[58]
240 GeV 20 ab�1

350 GeV 0.2 ab�1

360 GeV 1 ab�1

Table 4. Here we show the di↵erent working configurations for the future e+e� colliders.

we expect an improvement in the constraint on Ct' by a factor two with respect to

the HL-LHC.

In Fig. 3, we compare the bounds expected from the HL-LHC and from the final

stages of the CEPC, FCC-ee, ILC and CLIC. The centre-of-mass energies, integrated

luminosities and beam polarisations envisaged for each of these projects are given

in Table 4. The circular colliders (FCC-ee and CECP) operated at and slightly

above the tt̄ threshold are expected to improve constraints on the bottom- and top-

operators by factors 5 and 2 for some two-fermion operators. Indeed, their “TeraZ”

runs provide very competitive bounds (individual ones, in particular) on two-fermion

bottom-operator coe�cients. Their constraining power on four-fermion operators is,

however, limited by the energy reach. Since, at these colliders, the two runs above

the tt̄-threshold are very close the two-fermion and four-fermion operators are harder

to disentangle. The global limits remain significantly above the individual bounds.

The linear colliders (ILC and CLIC), operated at two centre-of-mass energies

above the tt̄ threshold, can provide very tight bounds on all operators. The bounds on

four-fermion operators take advantage of the energy-growing sensitivity and become

very competitive if e+e� collision data at a centre-of-mass energy greater than 1 TeV

is available. The ILC1000 and CLIC3000 bounds of O(10�3) on the e+e�tt̄ operators
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Figure 3. Comparison of the constraints expected from a combination of HL-LHC and

lepton collider data. The limits on the qq̄tt̄ and CtG coe�cients are not shown, since

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

are included in the global fit. The improvement expected from the HL-LHC on these

coe�cients is shown in Fig. 1. The solid bars provide the individual limits of the single-

parameter fit and the shaded ones the marginalised limits of the global fit. The correlations

between the Wilson coe�cients obtained in the global fit can be found in App. B.

tion threshold are required to disentangle the e+e�tt̄ operator coe�cients from the

two-fermion operator coe�cients [7]. The two sets of operators have very di↵erent

scaling with energy: the sensitivity to four-fermion operators grows quadratically,

while it is constant or grows only linearly for two-fermion operators. In a fit to data

taken at a single centre of mass, linear combinations of their coe�cients remain de-

generate and form blind directions. The combination of runs at two di↵erent centre-
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to the individual bounds

Several further processes are accessible to e+e� colliders, but have not been

taken into account in this study. The top-quark Yukawa coupling can be determined

through the tree-level dependence of the associated e+e� ! tt̄H production process.

This requires runs with a centre-of-mass energy above 500–550 GeV . At linear col-

liders, where the luminosity grows with energy, there is a broad plateau up to about

1.5 TeV where e+e� ! tt̄H is accessible. Based on full-simulation studies of Ref. [55]
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5 Pushing the energy frontier

Several projects have been defined that extend the energy of colliders well beyond

the TeV scale. Collisions at a centre-of-mass energy of 10 TeV and beyond could

be achieved at a large (100 km circumference) hadron collider [59, 60], at a linear

electron-positron collider implementing novel accelerating techniques [61], or at com-

pact circular muon colliders [62]. The potential of these machines for the SMEFT fit

lies mainly in the energy-growing sensitivity to new physics. In the top- and bottom-

quark sectors of the SMEFT, the sensitivity to four-fermion operators shows a strong

increase [7, 46, 63, 64]. For a given measurement precision, bounds derived in higher-

energy collisions are therefore much stronger than those derived from measurements

at lower energy.

We illustrate the increased sensitivity with the dependence of the di↵erential

cross section at high mtt̄ to C8
tu and CtG. At the LHC, the cross section measurement

in the boosted regime (with mtt̄ > 1.4 TeV ), yields the following relation with the

Wilson coe�cient:

�(mtt̄ > 1.4 TeV ) = 1.8 pb⇥ [1+0.3 ·CtG+0.1 ·C2
tG+0.1 ·C8

tu+0.3 ·(C8
tu)

2+ ...] (5.1)

A 100 TeV pp collider has a seven times larger energy reach and one could envisage

a measurement with mtt̄ > 10 TeV that would have the following dependence:

�(mtt̄ > 10 TeV ) = 0.1 pb⇥ [1+0.3 ·CtG+1.8 ·C2
tG+3 ·C8

tu+256 · (C8
tu)

2+ ...] (5.2)

The increase in the factors that multiply the Wilson coe�cients is very clear for

the quadratic term of CtG and for both the linear and quadratic terms in C8
tu (and

similarly for the other four-fermion operator coe�cients).2

We therefore expect that FCChh and SPPC measurements in the 10 TeV regime,

with precision comparable to that of current boosted measurements at the LHC,

could provide bounds that are a factor 20 sharper than the HL-LHC prospects,

bringing the constraints down from O(1 TeV �2) to O(0.1 TeV �2). This, of course,

requires that techniques be developed to e�ciently trigger, select and reconstruct

events with highly boosted top quarks [65, 66] and that the experimental response

and Monte Carlo modelling be controlled to a similar level.

6 Conclusion

New energy-frontier colliders are expected to provide an important push for top- and

bottom-quark physics. We assess this potential in the framework of the Standard

but quantitative projections for integrated luminosity and experimental performance are currently
not available.

2Note that here we are showing the impact on linear and quadratic terms since many studies
include both contributions. We remark that in the quantitative analysis presented in this work only
linear terms are considered, as explained above.
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from linear interference. However, and since quadratic contributions of four-heavy opera-
tors are only QCD-induced, including them in the fit would reduce the sensitivity to the
subleading terms.

Impact of differential information The HL-LHC will run at
p
s = 14 TeV with 3

ab
�1 of integrated luminosity; therefore, it is expected to obtain differential information for

the four-top process experimentally. Motivated by the larger impact of the EFT operators
in the tails of distributions, as illustrated in fig. 10, we examine the impact of adding the
invariant mass distribution of the four-top in our toy fit for the HL-LHC. Figure 19 displays
the individual limits for the same two cases used previously (QCD-only and mixed QCD-
EW) and compares the use of only inclusive information from �tttt to when also adding
differential information in the fit from mtttt. We use the HL-LHC SM prediction calculated
at LO, �HL

tttt = 9.0 fb, with a 20% theoretical uncertainty. The EFT predictions include the
linear and quadratic contributions. We assume the experimental measurement to be that
of the SM within the expected 28% experimental total uncertainty [45]; �HL

tttt = 9.0 ± 2.52

fb. The mtttt distribution is organised in three bins: [600-1500], [1500-2500], [2500-6000]

Figure 19: 95%CL limits on the 4-heavy operators’ coefficients at the HL-LHC scenario
from a �2 fit. The limits are shown for when only considering leading QCD terms and
when considering all the terms, in using only inclusive information from �tttt and when
adding differential information from mtttt. EFT predictions were obtained for the linear
and quadratic contributions.

GeV, with total experimental uncertainties amounting to 28% for each of the first two bins,
and 60% for the latter to account for the degradation of the statistical uncertainty based
on the number of events expected in each bin. Even though very much simplified and not
based on a detailed analysis of how observables could provide most of the sensitivity, our
results indicate that differential information improves the sensitivity and should be used
whenever possible.

Comparison of different collider setups To fully appreciate the impact of collider
energy in constraining the relevant coefficients, we compare the results from current LHC
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measurements with the FCC-hh bounds. For simplicity, we only use the inclusive cross-
section. The limits obtained from the fit are presented in fig. 20. For both scenarios, EFT
predictions include the linear and quadratic contributions. For the LHC, we use the SM
prediction at NLO in QCD of Ref. [2], and we fit the theoretical predictions to the inclusive
ATLAS [46] and CMS [47] measurements. For the FCC-hh, we use the same theoretical
and experimental inputs used for the previous case of fig. 18. The results from this fit

Figure 20: Limits on all four-fermion and relevant operators used in this study obtained
from the �2 fit to the ATLAS [46] and CMS [47] inclusive measurements and using the SM
prediction of Ref. [2] as well as FCC-hh projections.

show the significant constraining power that the FCC-hh will be able to provide for the
SMEFT coefficients. Again, the effects from the subleading terms are diluted by including
the quadratic contributions in the predictions. Finally, we note that it is expected that
with the high-energy reach of the FCC-hh, differential distributions extending well into
the multi-TeV range will become available and further improve the bounds beyond those
expected from the inclusive cross-section.

7 Double insertion

In this section, we critically assess Ref. [34], where it was suggested that 2-heavy-2-light
operators could be better constrained in tt̄tt̄ than in tt̄ production. This suggestion was
spurred by the results of Ref. [48] reporting an upper limit on the tt̄tt̄ cross-section to be
4.6 times that of the SM. Due to the high-energy scale related to the tt̄tt̄ process, its cross-
section depending on the fourth power of the operators’ coefficients scales as ⇠ (cE

2
/⇤

2
)
4,

an order that double insertion of dimension-six operators can probe. Ref. [34] argued these
terms enhance the EFT sensitivity of the 2-heavy-2-light operators to a level at which
four-top can compete with top pair production in constraining said operators.

Our study investigates the strength of the double-insertion contributions in four-top
production. In particular, we compare the EFT sensitivity from double-insertion to that
from the squared single-insertion of the same 2-heavy-2-light operator. As previously dis-
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Where can the FCC-hh help?
4-heavy operators
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5

FIG. 2. K-factors (NLO/LO) of the linear (�≠2) and
quadratic (�≠4) contributions to pair and triple weak-boson
production at the LHC

Ô
s = 13 TeV. Charge-conjugated final

states are summed over. OW values at O(�≠2) are divided
by 10 and negative for empty markers.

production of three bosons is relatively small, with SM
cross-sections for gg æ ZZZ and gg æ W +W ≠Z of
about 0.5% (0.07 fb) and 5% (8.6 fb) of the correspond-
ing qq̄ channel [48] at 13 TeV. Shown in Figure 2 and
Table III, the K-factors of quark-induced channels sig-
nificantly vary, not only from operator to operator, but
also across processes for the same operator, and between
the interference and quadratic contributions. In gen-
eral, they range between one and two. However, for
the OW operator involving three W field strengths, K-
factors at O(�≠2) are extremely large and even negative,
signalling that NLO corrections are lifting a suppression
that occurs at LO. It is known that the linear contri-
bution of this operator to the inclusive diboson cross-
section is very small at LO relative to the SM prediction
(0.171+4%

≠5% pb vs. 71.0+6%
≠7% pb for WW ) because of helicity

selection rules [49], and changes sign at NLO in QCD,
albeit staying below 1% (≠0.77≠14%

+16% pb vs. 104+5%
≠5% pb).

For WWZ production, the linear LO contribution is
already sizeable (≠12.3+1.4%

≠1.6% fb vs. 91.3+0.0%
≠0.5% fb) and be-

comes larger at NLO (≠32.0+12%
≠9% fb vs. 173.6+8%

≠6% fb). For
W +W +W ≠ production the linear LO contribution is tiny
(0.4(2)+8%

≠10% fb vs. 79.38+0.1%
≠0.6% fb) but becomes significant at

NLO (≠10.8+21%
≠16% fb vs. 142.8+7%

≠5% fb). These results sug-
gest that, in addition to spin correlation observables in
V V [50, 51], the rates of triple-vector-boson production
could help bound the OW operator. We defer further
discussions of the loop and NLO e�ects in multi-boson
final states to a dedicated publication.

As a third application, we show in Figure 3 and Ta-
ble IV the sensitivity of the loop-induced Higgs pro-
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FIG. 3. Linear and quadratic contributions of the five rele-
vant operators to H, HH, and HHH production at a future
100 TeV pp collider, normalised by the corresponding SM pre-
dictions, for ci/�2 = 1 TeV≠2.

duction processes gg æ H, HH and HHH to various
SMEFT operators in pp collisions at

Ô
s = 100 TeV. Ac-

cess to all of these processes will provide the necessary in-
formation to determine trilinear and quartic terms of the
Higgs potential. Two panels display linear and quadratic
contributions of OtG, OÏG, OtÏ, OÏ, OÏ⇤ operators nor-
malised by the SM rate. All dependencies are calculated
at one loop with SMEFT@NLO, except for the linear
dependence of gg æ H on OÏ which appears at two
loops and is taken from Ref. [52]. The computation of
SMEFT e�ects in HHH production is presented here for
the first time. In general, the sensitivity to the various
operators increases with the final state multiplicity, par-
tially compensating the loss in statistical power due to
the decreasing rates. The only exception is OÏG whose
contribution to HHH is suppressed by an o�-shell Higgs
propagator. The loss of statistics is reflected in the pro-
jected FCC-hh reach: 1%, 5% and 50% on H, HH and
HHH [53–55], respectively. Though challenging, HHH
production might be used as a diagnostic process, should
a significant OÏ-like deviation be observed in HH, given
its larger relative sensitivity in this parameter.

Conclusions In this article, we have presented the
automation of SMEFT computations up to one-loop ac-
curacy, illustrated with selected phenomenological appli-
cations for the LHC and future colliders. Providing nec-
essary input for the extraction of operator coe�cients,
the implementation can readily be used in current exper-
imental and theoretical interpretations of collider data
where it opens the possibility to systematically lever-
age NLO accuracy, reduced theoretical uncertainties, and
loop-induced sensitivities in the SMEFT.

Several directions of further developments can be iden-
tified. The first is to extend our implementation to the
elements necessary for EW loop computations, build-
ing upon the existing automation of EW corrections in
the SM [56] and the available analytic results in the
SMEFT [57–68]. Dedicated studies of one-loop EW ef-

Different sensitivity patterns for H, 
HH and HHH in SMEFT


Differential distributions in HH and 
HHH cross-section can help

FCC-hh reach: 1%, 5% and 50% on H, HH and HHH cross-sections
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LHC. In this section, we investigate the effect of the operators presented above on this
process. We note that we consider only the operators involving the top quark and ignore
all other dimension-six operators, such as those affecting the interaction of the Higgs with
the vector bosons.
In addition to modifying the interactions in the SM-like diagrams of Fig. 11, the dimension-
six operators introduce additional vertices and hence Feynman diagrams as shown in Fig. 12.

For this process the factorisation and renormalisation scale is set to mH = 125 GeV.
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Table 7. Cross sections (in fb) for gg ! HZ production at the LHC at
p
s = 8 TeV and

p
s =

13 TeV for the SM and the dimension-six operators. Scale uncertainties are shown in percentages.
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Logarithmic energy growth in one-loop helicity amplitudes

Finally, we note here that even though massless quarks can potentially enter in the

SM gg ! ZH process, in particular in the triangle loops with a Z propagator, the current-

current operators modifying light quark couplings do not a↵ect this process. In fact those

operators enter both in the triangle diagram with a Z propagator and in the diagram with

a qq̄ZH vertex and those two diagrams cancel each other out as we will also discuss in the

following.
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Table 4: High energy behaviour of the gg ! ZH helicity amplitudes with modified top-Z and
top-Higgs interactions.

The tt̄Z vertex can be modified by O't and O
(�)
'Q

, which rescale the SM couplings of

the Z boson to the right-handed top singlet and the left-handed third generation doublet

respectively. Only the axial vector coupling of the top to the Z enters in this process, and

therefore the modification of this coupling is what determines the impact of these operators

on the amplitudes. These two operators also introduce a tt̄ZH vertex as well as a bb̄ZH one

from O
(�)
'Q

. The modified triangle diagrams with a Z propagator and with a tt̄ZH vertex

cancel each other exactly, invalidating naive expectations from tree-level tt̄ ! ZH [41].

More precisely in qq̄ ! ZH the longitudinal part of the Z propagator vanishes for external

massless quarks leading to energy-growing amplitudes, while its contraction with the one-

loop form factor gives a contribution that cancels the ones of the transverse propagator

and the tt̄ZH vertex.

Given this cancellation, the behaviour of O't and O
(�)
'Q

amplitudes can be simply

understood from the SM box diagrams with a rescaled tt̄Z interaction. Boxes grow log-
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Table 6: High energy behaviour of the gg ! ZZ helicity amplitudes modified by top operators.
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Table 7: High energy behaviour of the gg ! ZZ helicity amplitudes modified by the purely bosonic
operators.

The operators probed by gg ! ZZ can be divided into three categories. First, OtG,

OtZ , Ot', O't and O
(�)
'Q

enter in the top quark couplings with the Higgs, Z bosons and

gluons. Then O'B, O'W and O'G modify the bosonic Higgs couplings. Finally, O'u,

O'd, O(�)
'qi

, O(3)
'qi

and O
(3)
'Q

all modify the light quark couplings with the Z boson. Example

diagrams are shown in Fig. 3. The high energy behaviour of the SM helicity amplitudes,

first discussed in [69, 70], and of the SMEFT growing amplitudes are presented in Tables 5-

7.

The operators O't, O
(�)

'Q
and Ot' enter gg ! ZZ by rescaling the ZtRt̄R, the ZtLt̄L
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Figure 11: Projected 95% C.L. bounds on c't (upper row) and c
(�)
'Q

(lower row) at LHC and
HL-LHC from a one-operator fit as a function of the maximal-invariant-mass cut M . We also show
the bound from the global fit to LHC data performed by the SMEFiT collaboration [38] with a
dark green line. The dashed grey line shows the expected value of the WC in strongly-coupled NP
scenarios, c ⇠ 4⇡2

/M
2. Left column: Projection for HL-LHC with di↵erent levels of systematic

uncertainty. Right column: Projection for LHC and HL-LHC with a fixed 5% syst. uncertainty
and di↵erent integrated luminosities, L.

interaction between gluons and Higgses. Two additional operators, Ot' and Od', modify

SM vertices, even changing the Lorentz structure, and induce a milder logarithmic growth.

In the case of ZH production, we find five operators which generate energy growth.

Only one of them, OtG, induces amplitudes that are linear in either
p
s or s. The

p
s

behaviour arises for three di↵erent helicity configurations with a transversely polarised Z

boson, while the fastest growth appears when the Z is longitudinally polarised and the

incoming gluons have opposite helicities. The other 4 operators, O'G, O't, O
(�)

'Q
, and Ot',

induce a logarithmic growth for a longitudinal Z. The first of them does it regardless of

the gluon helicities, while the rest require same-helicity gluons. An exact cancellation of

the triangle diagrams renders ZH sensitive to only the linear combination c
(�)

'Q
� c't+

ct'

yt
.

Double Z production is the process with the largest number of growth-inducing dimension-

6 operators. OtG generates amplitudes that behave / s at high energies whenever both Z

bosons are longitudinal. If only one is longitudinally polarised, this same operator induces

a linear growth with energy, and if both Z bosons have transverse polarisations, their am-

plitudes grow logarithmically. The only other operator capable of producing amplitudes

that grow quadratically with energy is O'G, but it enters only for the (+,+, 0, 0) helicity
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Figure 5: Di↵erential cross-section of gg ! ZH with respect to p
Z

T
at di↵erent orders. Left

panel: SM p
Z

T
distribution at LO and NLO from Ref. [78], the latter for 2 di↵erent renormalization

scales µ. We also show SM distributions at LO and 0 + 1 jet merged obtained with MadGraph5

(MG5) and Pythia8 (PY8). Right panel: p
Z

T
distribution at LO and 0 + 1 jet merged in the

SM and when turning on the operator O(�)
'Q

for 2 di↵erent values of its WC, while setting all other
WCs to zero. Results obtained with MadGraph5 and SMEFTatNLO.

p
Z

T
& 700GeV, both values of c(�)

'Q
show a higher ratio than the SM curve. This suggests

a possible dependence of the NLO/LO k-factor on the WC c
(�)

'Q
, in particular at very high

energies.

In Fig. 6, we also include the SM ratio and the NLO/LO k-factors from Ref. [78]. From

this figure, it is clear that the merged 0+ 1 jet samples in the SM underestimate the NLO

corrections for pZ
T
< 500GeV but constitute a very good approximation for higher pZ

T
. The

right panel of Fig. 6 shows a zoom-in on the mid-energies region that is most relevant for

(HL-)LHC analyses. The NLO/LO k-factor is roughly constant in that region, while the

rate 0 + 1 jet merged over LO is close to it only for pT & 350 GeV.

Figure 6: Ratio of di↵erential cross sections for gg ! ZH for di↵erent computation orders.
The blue curves show the Standard Model results, with the di↵erent shades representing di↵erent
computation orders. The NLO/LO ratios were extracted from Ref. [78]. The red and green curves
show the result in SMEFT for two representative values of c(�)

'Q
, while setting all other WCs to zero.

These representative values are near the 95% C.L. bound on this operator. The shaded regions
indicate the statistical uncertainty. The right panel shows a zoomed-in version of the figure on the
left.
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WCs to zero. Results obtained with MadGraph5 and SMEFTatNLO.

p
Z

T
& 700GeV, both values of c(�)

'Q
show a higher ratio than the SM curve. This suggests

a possible dependence of the NLO/LO k-factor on the WC c
(�)

'Q
, in particular at very high

energies.

In Fig. 6, we also include the SM ratio and the NLO/LO k-factors from Ref. [78]. From

this figure, it is clear that the merged 0+ 1 jet samples in the SM underestimate the NLO

corrections for pZ
T
< 500GeV but constitute a very good approximation for higher pZ

T
. The

right panel of Fig. 6 shows a zoom-in on the mid-energies region that is most relevant for

(HL-)LHC analyses. The NLO/LO k-factor is roughly constant in that region, while the

rate 0 + 1 jet merged over LO is close to it only for pT & 350 GeV.

Figure 6: Ratio of di↵erential cross sections for gg ! ZH for di↵erent computation orders.
The blue curves show the Standard Model results, with the di↵erent shades representing di↵erent
computation orders. The NLO/LO ratios were extracted from Ref. [78]. The red and green curves
show the result in SMEFT for two representative values of c(�)

'Q
, while setting all other WCs to zero.

These representative values are near the 95% C.L. bound on this operator. The shaded regions
indicate the statistical uncertainty. The right panel shows a zoomed-in version of the figure on the
left.
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Improvement of constraints on top-Z couplings
Rossia, Thomas, EV arXiv:2306.09963 

Can we use these growing amplitudes to probe unconstrained couplings?

Test Case: analysis of ZH production@LHC

FCC-hh perfect place to explore high-energy region

FCC
FCC



Eleni Vryonidou FCC Phenomenology Workshop, CERN

What can the Higgs tell us about the top?

23

Diboson (off-shell Higgs) sensitivity to top couplings

Azatov, Grojean, Paul, Salvioni arXiv:1608.00977

See also: Englert, Soreq, Spannowsky arXiv:1410.5440 

Cao et al 2004.02031

Figure 3.4: Di↵erential distributions for top quark operators, modifying top quark couplings to
the Z bosons. For the interference, dashed lines denote a negative contribution.

18

Thomas, EV in

arXiv:2203.02418

Dedicated studies for FCC welcome!
Expect much better sensitivity@FCC

https://arxiv.org/abs/2203.02418


Eleni Vryonidou FCC Phenomenology Workshop, CERN

Conclusions

• FCC can provide a great testing ground for SMEFT, pushing in either the 
precision or energy reach 


• Global SMEFT fits at FCC-ee show that one can improve over HL-LHC 
bounds by an order of magnitude in higgs and gauge-fermion couplings


• To access top couplings we need runs above the top threshold

• FCC-hh can significantly improve bounds on Vff and hVV couplings, as 

well as unconstrained 4-quark operators

• FCC-hh can probe energy growing amplitudes, improving sensitivity to 

poorly constrained interactions
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Thanks for your attention


