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Particle physics landscape

· SM’s insufficient success
· explorations in two directions
· systematically in one
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Taking the SM to higher dimensions

SM

dim-4

dim-6

dim-8
SMEFT

NP1 NP2 NP3

· using established bricks
(fields and symmetries)

· extension organised in
layers (by dimension)

· including all deformations
(theory space coverage)

→ a global approach
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Identifying patterns of new physics

design sensitive observables

· precise SM predictions

· precise SMEFT predictions

· precise measurements

→ leverage correlations
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Electroweak sector
The enduring ‘model-killing’ legacy of LEP, brought to a new level.

(mZ , ΓZ , AFB, Rx , α(mZ ), mW , mt , etc.)

T parameter

(((((((((
custodial symmetry

S parameter

×5

[FCC-ee CDR]
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Higgs sector

Reach the sub-percent.

Go quantum!

Just as LEP for the EW sector.
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Higgs sector
[Higgs@FC ’19]
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Improvement wrt. HL-LHC

[Ellis,You ’15]
[Ellis et al ’17]

[de Blas et al ’16]
[GD et al ’17]

[Barklow et al ’17]
[Barklow et al ’17]
[Di Vita et al ’17]

[Chiu et al ’17]
[de Blas et al ’19]

g eff
HXX ≡

√
ΓH→XX

ΓSM
H→XX
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Brh→bb̄ ' 60% Brh→ττ ' 6%
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[Ellis,You ’15]
[Ellis et al ’17]
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[GD et al ’17]
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[Chiu et al ’17]
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g eff
HXX ≡

√
ΓH→XX

ΓSM
H→XX

new sensitivity

Brh→cc̄ ' 3%
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[Di Vita et al ’17]

[Chiu et al ’17]
[de Blas et al ’19]

g eff
HXX ≡

√
ΓH→XX

ΓSM
H→XX

FCC-hh dominating
clean & rare channels

Brh→Zγ ' 0.15% Brh→µµ ' 0.02%
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EW-Higgs interplay
[de Blas, GD, Grojean, Gu, Paul ’19]

Contaminations from EW coupling uncertainties must be controlled!
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· energy doesn’t hurt
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Higgs self coupling: go quantum!
· NLO sensitivity (finite and gauge-invariant NLO EW subset)
· dominated by e+e− → hZ at threshold [McCullough ’13]

[Gorbahn, Haisch ’16]
[Degrassi et al. ’16]

[Bizon et al. ’16]
[Degrassi et al. ’17]

[Kribs et al. ’17]
[Maltoni et al. ’17]
[Di Vita et al. ’17]

h

h

νe

ν̄e

e+

e−

e+

e−

e+

e−

e+

e− h

h

νe

ν̄e

h h

Z Z

h

h

W+ W+
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W−W−

ΣNLO/ΣSM
NLO ' 1 + (C1 − 0.0031) δκλ + ...

C
1
×

10
3

√
s [GeV]

e+e− → hZ

e+e− → hνν̄

e+e− → he+e−

e+e− → htt̄

× 0.1

200 500 1000 3000

0
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15
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→ few permil hZ measurement naively implies a few 10% constraint
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Higgs self-coupling [Di Vita et al. ’17]

· individual ∆χ2=1 limit (14%) much tighter than global ones (460, 110, 50%)
· 350GeV run necessary to lift approximate degeneracies, without LHC

δc
Z

δκλ

5/ab at 240 GeV
+0.2/ab at 350 GeV
+1.5/ab at 350 GeV

P (e−, e+) = (0, 0)

CEPC/FCC-ee

−0.04

−0.02
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0.02

0.04

−6 −4 −2 0 2 4 6
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Top-quark sector [GD, Perelló, Vos, Zhang ’18]
[see also Janot ’15]

vertex and dipole tt̄Z ,tt̄γ & contact tt̄eē interactions
accessible in e+e− → t t̄
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statistically optimal observables
CC-like run scenario

200 fb−1 at
√
s = 350 GeV

1.5 ab−1 at
√
s = 365 GeV

P (e+, e−) = (0%, 0%)

CAlq0.71
/47

CAeq0.62
/28

CAϕq20
/70

CVlq0.29
/95

CVeq0.37
/82

CVϕq8.9
/52

CRuZ0.38
/8.6

CRuA0.59
/59

CIuZ3.4
/2.8

CIuA0.62
/2.8

0
.2
1
3

HL-LHC· in TeV−2, ∆χ2 = 1
· white marks: individual constraints
· /xx: global/individual ratios

difficulties at FCC-ee:
· small energy lever arm
to separate tt̄V and tt̄eē

· unknown interplay
with mt , Γt extractions
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Top-quark sector [GD, Perelló, Vos, Zhang ’18]
[see also Janot ’15]

vertex and dipole tt̄Z ,tt̄γ & contact tt̄eē interactions
accessible in e+e− → t t̄
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statistically optimal observables
ILC-like run scenario

500 fb−1 at
√
s = 500 GeV

1 ab−1 at
√
s = 1 TeV

P (e+, e−) = (±30%,∓80%)

CAlq0.0019
/1.5

CAeq0.0019
/1.4

CAϕq0.26
/1.8

CVlq0.0016
/1.8

CVeq0.0018
/1.8

CVϕq0.35
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CIuZ0.091
/1
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HL-LHC· in TeV−2, ∆χ2 = 1
· white marks: individual constraints
· /xx: global/individual ratios

difficulties at FCC-ee:
· small energy lever arm
to separate tt̄V and tt̄eē

· unknown interplay
with mt , Γt extractions
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Top-quark interactions: go quantum!

• At the Z pole, in mW and ΓW [Zhang, Greiner, Willenbrock ’12]

• In diboson production [GD, Gu, Vrionidou, Zhang ’18]

t t
t

• In Higgs [Vrionidou, Zhang, ’18]
[see also Boselli et al ’18]

t t
t
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Top-Higgs interplay [GD, Gu, Vrionidou, Zhang ’18]

−0.2 −0.1 0 0.1 0.2

−0.01

−0.005
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0.005

0.01

+ 240 GeV (loop)
+ 240 GeV (tree)
top@HL-LHC
∆χ2 = 1

CtW

δc
Z

individual

global

· extra parameter space covered thanks to loop sensitivity
· room for improvement between glo. and ind. constraints

(with more differential information?)
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Top-Higgs interplay [GD, Gu, Vrionidou, Zhang ’18]
[see also Jung, Lee, Perelló, Tian, Vos ’20]

light shades: Higgs & top floated
dark shades: top → 0

δcZ cZZ cZ□ cγγ cZγ cgg δyt δyc δyb δyτ δyμ λZ δκλ/10
2
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10-1

1

101
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ec
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n

precision of the Higgs parameters at CC (global fit, Δχ2=1)

CC 240GeV
CC 240GeV + HL-LHC
CC 240/350/365GeV
CC 240/350/365GeV + HL-LHC

circular collider with unpolarized beams
240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab)

solid shade: all top parameters set to zero
light shade: marginalized over top parameters

no top@HL-LHCno e+e− → tt̄

Top uncertainties contaminate Higgs extractions!
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Probing heavy new physics systematically at FCC

SMEFT leverages precision measurements
to cover theory space systematically
and identify patterns of new physics.

FCC-ee would bring LEP EW legacy below a new bar,
probe Higgs interactions to the quantum level,
giving access the top and hhh coupling loops,

exhibiting the interplay between Higgs-EW-top sectors.
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