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• The LHC after Run I & II:


• But we have good reasons to believe there must be new physics
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Reference

tZj � = 620 ± 170 ± 160 fb (data)
NLO+NLL (theory) 36.1 TOPQ-2016-14

t̄tZ � = 176 + 52 � 48 ± 24 fb (data)
HELAC-NLO (theory) 20.3 JHEP 11, 172 (2015)

� = 0.92 ± 0.29 ± 0.1 pb (data)
Madgraph5 + aMCNLO (theory) 3.2 EPJC 77 (2017) 40

t̄tW � = 369 + 86 � 79 ± 44 fb (data)
MCFM (theory) 20.3 JHEP 11, 172 (2015)

� = 1.5 ± 0.72 ± 0.33 pb (data)
Madgraph5 + aMCNLO (theory) 3.2 EPJC 77 (2017) 40

ts�chan � = 4.8 ± 0.8 + 1.6 � 1.3 pb (data)
NLO+NNL (theory) 20.3 PLB 756, 228-246 (2016)

ZZ
� = 6.7 ± 0.7 + 0.5 � 0.4 pb (data)

NNLO (theory) 4.6 JHEP 03, 128 (2013)
PLB 735 (2014) 311

� = 7.3 ± 0.4 + 0.4 � 0.3 pb (data)
NNLO (theory) 20.3 JHEP 01, 099 (2017)

� = 17.3 ± 0.6 ± 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 PRD 97 (2018) 032005

WZ
� = 19 + 1.4 � 1.3 ± 1 pb (data)

MATRIX (NNLO) (theory) 4.6 EPJC 72, 2173 (2012)
PLB 761 (2016) 179

� = 24.3 ± 0.6 ± 0.9 pb (data)
MATRIX (NNLO) (theory) 20.3 PRD 93, 092004 (2016)

PLB 761 (2016) 179

� = 50.6 ± 2.6 ± 2.5 pb (data)
MATRIX (NNLO) (theory) 3.2 PLB 762 (2016) 1

PLB 761 (2016) 179

Wt
� = 16.8 ± 2.9 ± 3.9 pb (data)

NLO+NLL (theory) 2.0 PLB 716, 142-159 (2012)

� = 23 ± 1.3 + 3.4 � 3.7 pb (data)
NLO+NLL (theory) 20.3 JHEP 01, 064 (2016)

� = 94 ± 10 + 28 � 23 pb (data)
NLO+NNLL (theory) 3.2 arXiv:1612.07231 [hep-ex]

H
� = 22.1 + 6.7 � 5.3 + 3.3 � 2.7 pb (data)

LHC-HXSWG YR4 (theory) 4.5 EPJC 76, 6 (2016)

� = 27.7 ± 3 + 2.3 � 1.9 pb (data)
LHC-HXSWG YR4 (theory) 20.3 EPJC 76, 6 (2016)

� = 57 + 6 � 5.9 + 4 � 3.3 pb (data)
LHC-HXSWG YR4 (theory) 36.1 ATLAS-CONF-2017-047

WW
� = 51.9 ± 2 ± 4.4 pb (data)

NNLO (theory) 4.6 PRD 87, 112001 (2013)
PRL 113, 212001 (2014)

� = 68.2 ± 1.2 ± 4.6 pb (data)
NNLO (theory) 20.3 PLB 763, 114 (2016)

� = 142 ± 5 ± 13 pb (data)
NNLO (theory) 3.2 arXiv: 1702.04519 [hep-ex]

tt�chan
� = 68 ± 2 ± 8 pb (data)

NLO+NLL (theory) 4.6 PRD 90, 112006 (2014)

� = 89.6 ± 1.7 + 7.2 � 6.4 pb (data)
NLO+NLL (theory) 20.3 arXiv:1702.02859 [hep-ex]

� = 247 ± 6 ± 46 pb (data)
NLO+NLL (theory) 3.2 JHEP 04 (2017) 086

t̄t
� = 182.9 ± 3.1 ± 6.4 pb (data)

top++ NNLO+NNLL (theory) 4.6 EPJC 74: 3109 (2014)

� = 242.9 ± 1.7 ± 8.6 pb (data)
top++ NNLO+NNLL (theory) 20.2 EPJC 74: 3109 (2014)

� = 818 ± 8 ± 35 pb (data)
top++ NNLO+NLL (theory) 3.2 PLB 761 (2016) 136

Z
� = 29.53 ± 0.03 ± 0.77 nb (data)

DYNNLO+CT14 NNLO (theory) 4.6 JHEP 02 (2017) 117

� = 34.24 ± 0.03 ± 0.92 nb (data)
DYNNLO+CT14 NNLO (theory) 20.2 JHEP 02 (2017) 117

� = 58.43 ± 0.03 ± 1.66 nb (data)
DYNNLO+CT14 NNLO (theory) 3.2 JHEP 02 (2017) 117

W � = 98.71 ± 0.028 ± 2.191 nb (data)
DYNNLO + CT14NNLO (theory) 4.6 EPJC 77 (2017) 367

� = 190.1 ± 0.2 ± 6.4 nb (data)
DYNNLO + CT14NNLO (theory) 0.081 PLB 759 (2016) 601

pp
� = 95.35 ± 0.38 ± 1.3 mb (data)

COMPETE HPR1R2 (theory) 8⇥10�8 Nucl. Phys. B, 486-548 (2014)

� = 96.07 ± 0.18 ± 0.91 mb (data)
COMPETE HPR1R2 (theory) 50⇥10�8 PLB 761 (2016) 158
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Standard Model Total Production Cross Section Measurements
Model ℓ, γ Jets† Emiss
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 ATLAS-CONF-2017-0607.75 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO CERN-EP-2017-1328.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.092178.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

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

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 CERN-EP-2017-1324.1 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 36.1 k/MPl = 1.0 ATLAS-CONF-2017-0511.75 TeVGKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 13.2 Tier (1,1), B(A(1,1) → tt) = 1 ATLAS-CONF-2016-1041.6 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 36.1 ATLAS-CONF-2017-0274.5 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 ATLAS-CONF-2017-0502.4 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 3.2 Γ/m = 3% ATLAS-CONF-2016-0142.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 36.1 1706.047865.1 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 36.7 gV = 3 CERN-EP-2017-1473.5 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 ATLAS-CONF-2017-0552.93 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 37.0 η−LL 1703.0921721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL ATLAS-CONF-2017-02740.1 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) < 400 GeV ATLAS-CONF-2017-0601.5 TeVmmed

Vector mediator (Dirac DM) 0 e, µ, 1 γ ≤ 1 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) < 480 GeV 1704.038481.2 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 0 or 1 e, µ ≥ 2 b, ≥ 3 j Yes 13.2 B(T → Ht) = 1 ATLAS-CONF-2016-1041.2 TeVT mass

VLQ TT → Zt + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 36.1 B(T → Zt) = 1 1705.107511.16 TeVT mass

VLQ TT →Wb + X 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 B(T →Wb) = 1 CERN-EP-2017-0941.35 TeVT mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 B(B → Hb) = 1 1505.04306700 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B(B → Zb) = 1 1409.5500790 GeVB mass

VLQ BB →Wt + X 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 B(B →Wt) = 1 CERN-EP-2017-0941.25 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) CERN-EP-2017-1485.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 13.3 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production ATLAS-CONF-2017-053870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2017

ATLAS Preliminary∫
L dt = (3.2 – 37.0) 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).

We found the Higgs (almost) everything looks SM like… … no sign of NP in Direct searches



• Most of the data seems to be well reproduced by the SM predictions 
(within experimental and theoretical accuracy)


• LHC direct searches:


If there is New Physics

No sign of New Physics…

Its effects in measured observables must be small wrt current precision

New Physics mass scale seems to be well above the electroweak scale
No preference for any particular BSM model
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Its effects in measured observables must be small wrt current precision

New Physics mass scale seems to be well above the electroweak scale
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Effective Field Theories provide optimal framework for  
model-independent studies in problems with very different mass scales 

Optimal framework for  model-independent studies  
of indirect sensitivity to New Physics at FCC-ee
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The dimension 6 SMEFT



• The Standard Model Effective Field Theory (SMEFT): 

• Particles and Symmetries of the “Low-Energy” Theory: 

• Power counting rules: EFT expansion in canonical dimension of operators 

Assumed to belong 
to an SU(2)L doublet

Poincare symmetry

SM gauge invariance
SU(3)c x SU(2)L x U(1)Y

Low Energy observables:

Parity Violation: QW (
133
55 Cs, 205

81 Tl), QW (e)(Møller)

⌫ scatt. : gV,A(⌫µe), g2
L,R

(⌫µN)

CKM unitarity :
P

i
|Vui|2

LEP 2 data:

�(e+e� ! `+`�, had), A`
+
`
�

FB
, d�
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d cos ✓

Higgs signal strengths:

H ! ��, ZZ, W+W�, bb̄, ⌧+⌧�

LHC Drell-Yan
�(pp ! `+`�)

3 E↵ective Lagrangian description of New Physics:

Equations
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Λ: Cut-off of the EFT
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Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
EFT: E↵ects suppressed by �

q

⇤

�d�4

q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
�4

(10
�6

)

�Z [GeV] 10
�4

(4 ⇥ 10
�5

)

�
0
had [nb] 5⇥10

�3
(10

�4
)

Re 0.006 (3 ⇥ 10
�4

)

Rµ 0.001 (5 ⇥ 10
�4

)

R⌧ 0.002 (10
�4

)

Rb 0.00006 (3 ⇥ 10
�4

)

Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.

†E-mail: Jorge.DeBlasMateo@roma1.infn.it
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The dimension 6 SMEFT



• The dimension 6 SMEFT: 

• LO new physics effects “start” at dimension 6  

• With current precision, and assuming Λ~TeV, sensitivity to d>6 is 
small

Low Energy observables:

Parity Violation: QW (
133
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81 Tl), QW (e)(Møller)
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q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
�4

(10
�6

)

�Z [GeV] 10
�4

(4 ⇥ 10
�5

)

�
0
had [nb] 5⇥10

�3
(10

�4
)

Re 0.006 (3 ⇥ 10
�4

)

Rµ 0.001 (5 ⇥ 10
�4

)

R⌧ 0.002 (10
�4

)

Rb 0.00006 (3 ⇥ 10
�4

)

Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.
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• SMEFT operators directly testable at FCC-ee (non-exhaustive list): 

Dimension 6 “FCC-ee” operators

Jorge de Blas 
INFN - University of Padova

11th FCC-ee workshop: Theory and Experiments 
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The dimension 6 SMEFT

Also enter in EWPO & VV prod.

Strongly constrained by EWPO 
 (induce modified Vff couplings)

h→
V

V
h→

V
ff

h→
ff

Not directly testable with 
EWPO nor VV prod.
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Z pole resonance
The LEP and SLC measurements of e+e�

! f̄f cross sections near the Z pole provide the most
precise determination of the properties of the Z boson, and have been crucial in determining the validity
of the SM description of NC. Around the Z pole the process is dominated by the Z-exchange diagram and
the di↵erential cross section for f 6= e is given by1
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(f 6= e)

where Pe is the polarization of the electron in the beam, and �f and Af are the partial decay width of the
Z into f̄f and the left-right asymmetries, respectively, whose expressions will be given below. Roughly
speaking, once we know the beam polarization, these quantities as well as the Z boson mass can be
determined from experiment by scanning in the center of mass energy and fitting the above expression to
the total cross section as well as the angular distribution of the outgoing particles.

Z pole observables SM:

1For f = e
� there is also a t-channel diagram contributing to the cross section.
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Modify SM inputs: 
Enter in all EW processes
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Z pole resonance
The LEP and SLC measurements of e+e�

! f̄f cross sections near the Z pole provide the most
precise determination of the properties of the Z boson, and have been crucial in determining the validity
of the SM description of NC. Around the Z pole the process is dominated by the Z-exchange diagram and
the di↵erential cross section for f 6= e is given by1
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where Pe is the polarization of the electron in the beam, and �f and Af are the partial decay width of the
Z into f̄f and the left-right asymmetries, respectively, whose expressions will be given below. Roughly
speaking, once we know the beam polarization, these quantities as well as the Z boson mass can be
determined from experiment by scanning in the center of mass energy and fitting the above expression to
the total cross section as well as the angular distribution of the outgoing particles.

Z pole observables SM:

1For f = e
� there is also a t-channel diagram contributing to the cross section.
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where Pe is the polarization of the electron in the beam, and �f and Af are the partial decay width of the
Z into f̄f and the left-right asymmetries, respectively, whose expressions will be given below. Roughly
speaking, once we know the beam polarization, these quantities as well as the Z boson mass can be
determined from experiment by scanning in the center of mass energy and fitting the above expression to
the total cross section as well as the angular distribution of the outgoing particles.

Z pole observables SM:

1For f = e
� there is also a t-channel diagram contributing to the cross section.
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• Advantages of EFTs: 

• Completely model-independent description of new physics 
(Consistent with assumptions of SM at low energies) 

• Well-defined perturbative expansion (can compute at NnLO) 

• Describes correlations of new physics effects in different types of 
observables, e.g. 

O�WB = �†�a�B
µ⌫W a

µ⌫

vhBµ⌫W 3
µ⌫

v2Bµ⌫W 3
µ⌫

h ! ZZ, ��

Modifies neutral gauge 

boson self-energies

EWPT

Higgs phys.

EWSB

(dim 4)

(dim 5)

Jorge de Blas 
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CERN, Jan 9, 2019

The dimension 6 SMEFT



• Advantages of EFTs: 

•  Well-defined way of connecting with explicit UV completions via 
matching/integrating out heavy degrees of freedom 

Full UV/EFT dictionary known at tree level:  
48 different types of fields (different quantum numbers) contribute at dim. 6 

19 scalar fields 
13 vector-like fermion fields: 6 leptons + 7 quarks 
16 vector boson fields

General results also known at loop level (Universal 1-loop effective action) 

⇒ Straightforward to connect EFT results with particular models

J.B., J.C. Criado, M. Pérez-Victoria and J. Santiago, arXiv:1711.10391 [hep-ph]

Tools available or in development for automatized matching

Jorge de Blas 
INFN - University of Padova

11th FCC-ee workshop: Theory and Experiments 
CERN, Jan 9, 2019

The dimension 6 SMEFT

Henning, Lu, Murayama, arXiv:1411.1837 [hep-ph]
Drozd, Ellis, Quevillon, You, arXiv:1511.03003 [hep-ph]
Ellis, Quevillon, You, Zhang, arXiv:1604.02445, 1706.07765 [hep-ph]
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• Fit to new physics effects parameterized by the dimension 6 SMEFT:


• Bayesian fit using


• FCC sensitivity: from posterior info (NP parameter errors/limits)


• Assumptions:


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


• SM theory uncertainties: SM intrinsic and parametric uncertainties reduced 
according to future projections. Included in the analysis when available.


• New physics effects: Working at the linear-level in the EFT effects 
(interference with SM amplitudes)


General strategy for calculation of future sensitivities

fit
1

HEP

Jorge de Blas 
INFN - University of Padova
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CERN, Jan 9, 2019
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FCC-ee sensitivity to New Physics
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Fit inputs: Theory and Experiment

• Electroweak precision measurements at FCC-ee 

Future Circular Collider (18 Dec. 2018)  The Integrated Programme (FCC-int) 

Page 5 of 18 

individual light quark flavours in the proton gives it the best sensitivity to their EW couplings. Furthermore, its 
high energy and clean environment enable precision measurements of the weak coupling evolution at very large 
Q2. More details can be found in Volume 1 of the FCC Conceptual Design Report (“Physics Opportunities”). 
Table 3: Measurement of selected electroweak quantities at the FCC-ee, compared with the present precision. The systematic 
uncertainties are present estimates and might improve with further examination. This set of measurements, together with 
those of the Higgs properties, achieves indirect sensitivity to new physics up to a scale L of 70 TeV in a description with dim 
6 operators, and possibly much higher in some specific new physics models.  

  FCC-ee stat.   

Observable present value ± error FCC-ee stat. FCC-ee syst. Comment and dominant exp. error 
 
 

    

mZ (keV) 91186700±2200 5 100 Z line shape scan; beam energy calibration 

GZ (keV) 2495200±2300 8 100 Z line shape scan; beam energy calibration 

Ja0 (×103) 20767±25 0.06 0.2-1.0 ratio hadrons / leptons, lepton acceptance 

bc (mZ) (×104) 1196±30 0.1 0.4-1.6 from Ja0	above 

J2	(×106) 216290±660 0.3 <60 ratio bbG/hadrons, stat. extrapol. from SLD 

:def
g  (×103) (nb) 41541±37 0.1 4 peak hadronic cross section, luminosity meas.  

N_ (×103) 2991±7 0.005 1 Z peak cross sections, luminosity measurement 

sin\θjkll (×106) 231480±160 3 2-5 from Ano
pp  at Z peak, beam energy calibration 

1 bqrs⁄ (mZ) (×103) 128952±14 4 Small from Ano
pp  off peak 

tno
2,g (×104) 992±16 0.02 1-3 b-quark asymmetry at Z pole, from jet charge 

tno
vwx,5 (×104) 1498±49 0.15 <2 t polarisation, charge asymmetry, t decay physics 

     

mW (MeV) 80350±15 0.6 0.3 WW threshold scan; beam energy calibration 

GW (MeV) 2085±42 1.5 0.3 WW threshold scan; beam energy calibration 

bc	(mW) (×104) 1170±420 3 Small from Ja1 

N_(×103) 2920±50 0.8 Small ratio invisible to leptonic in radiative Z returns 
    

mtop (MeV) 172740±500 20 Small tt ̅threshold scan; QCD errors dominate 

Gtop (MeV) 1410±190 40 Small 	tt̅ threshold scan; QCD errors dominate 

Iywv Iywvz{⁄  1.2±0.3 0.08 Small tt ̅threshold scan; QCD errors dominate 

ttZ	couplings ±30% 0.5 – 1.5% Small from EÅ{ = 365	GeV	run 
    

 

The FCC EW measurements are a crucial element of, and a perfect complement to, the FCC Higgs 
physics programme.  

 
1.4 The EW phase transition 
Explaining the origin of the cosmic matter-antimatter asymmetry is a challenge at the forefront of particle physics. 
One of the most compelling explanations connects this asymmetry to the generation of elementary particle masses 
through electroweak symmetry-breaking (EWSB). This scenario relies on two ingredients: a sufficiently violent 
transition to the broken-symmetry phase, and the existence of adequate sources of CP-violation. As it turns out, 
these conditions are not satisfied in the SM, but they can be met in a variety of beyond the Standard Model BSM 
scenarios. CP violation relevant to the matter-antimatter asymmetry can arise from new interactions over a broad 
range of mass scales, possibly well above 100 TeV. Exhaustively testing these scenarios may, therefore, go beyond 
the scope of the FCC. On the other hand, for the phase transition to be sufficiently strong, there must be new 
particles with masses typically below one TeV, whose interactions with the Higgs boson modify the Higgs potential 
energy in the early universe. Should they exist, these particles and interactions would manifest themselves at FCC, 
creating a key scientific opportunity and priority for the FCC, as shown by various studies completed to date.  

The FCC should conclusively probe new states required by a strong 1st order EW phase transition. 

 
 

SM input
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• DiBoson (WW) precision measurements at FCC-ee 

Data taking at additional energy points
In the case of limiting correlated systematics uncertainties, it can be useful to take data and
measure both signal and background cross section at more than two ECM points, in order to
reduce background and acceptance uncertainties.

In particular, for the simultaneous measurement of mW and �W just described, taking data
at energy points where the differential factors (d�/dmW)

�1, (d�/d�W)
�1, �(d�/dmW)

�1 and
�(d�/d�W)

�1, are equal, can help cancelling the effect of correlated systematic uncertainties
of background and acceptance.

Measuring the W-pair cross section at additional points can also serve to disentagle other
possible new physics effects at threshold; for example measuring the �3

W raise of the triple
gauge coupling (TGC) cancellation effects.

3 Measurement of W decay couplings
With the full FCC-ee physics program, a total of around 130M W-pair events will be produced,
with a majority at the

p
s= 240 GeV energy. As the LEP2 program has demonstrated, a very

large fraction of the produced W-pair events can be collected (85-95% efficiency), with low
background levels (90-95% purity), in all decay final states, including fully hadronic qqqq,
semi-leptonic `⌫qq, and fully leptonic `⌫`⌫ channels, with ` = e, µ and ⌧ .

The event yields in the qqqq channel, the three `⌫qq channels, and the six `⌫`⌫ channels
can be combined, taking into account their cross-contaminations and correlations, in order to
fit the W decay branching ratios, and the total W-pair cross sections. A fit that does not as-
sume W-lepton coupling universality can be performed to extract the leptonic decay couplings
Be, Bµ and B⌧ , while a fit that assumes lepton universality can be performed to extract the
hadronic decay coupling Bq. In both fits the sum of leptonic and hadronic branching fractions
is constrained to unity.

Final results of these two fits making use of LEP2 data [24, 34] are shown in Fig. 3.4.
The results without lepton universality revealed an excess of tau decays with respect to both
the electron and muon decay channels. This excess has been quantified to be at the level of 2.6
standard deviations significance, by making use of the ratio 2B⌧/(Be + Bµ).

It will be very difficult to confirm or rule out this tau channel excess by making use of W
decays in the LHC data, due to systematic uncertainty limitations with identifying tau decays
in high energy hadron collisions. Only a future collider like the FCCee, that can deliver a very
large, comprehensive and clear collection of 10

8 W boson decays, will certainly be able to
provide a clarification on this tau discrepancy.

Table 3.1: Relative precision on the determination of the W decay branching ratios. Final
combined results with LEP2 data are compared to the projected precision obtainable with FCC-
ee.

Decay mode relative precision B(W ! e⌫) B(W ! µ⌫) B(W ! ⌧⌫) B(W ! qq)
LEP2 1.5% 1.4% 1.8% 0.4%

FCC-ee 3·10
�4 3·10

�4 4·10
�4 1·10

�4

Projected precisions on the W boson decays to hadrons, e µ and ⌧ leptons achievable with

36

Relevant to constrain CC couplings + NC for each neutrino flavour
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Intrinsic theory uncertainties: EWPO

B Theory status of Z-boson physics

Z ! bb̄

Number of
topologies

1 loop 2 loops 3 loops

1 14
(A)! 7

(B)! 5 211
(A)! 84

(B)! 51

Number of diagrams 15 2383
(A,B)! 1074 490387

(A,B)! 120472

Fermionic loops 0 150 17580

Bosonic loops 15 924 102892

Planar / Non-planar 15 / 0 981/133 84059/36413

QCD / EW 1 / 14 98 / 1016 10386/110086

Z ! e+e�, ...

Number of
topologies

1 loop 2 loops 3 loops

1 14
(A)! 7

(B)! 5 211
(A)! 84

(B)! 51

Number of diagrams 14 2012
(A,B)! 880 397690

(A,B)! 91472

Fermionic loops 0 114 13104

Bosonic loops 14 766 78368

Planar / Non-planar 14 / 0 782/98 65487/25985

QCD / EW 0 / 14 0 / 880 144/91328

Table B.6: Number of topologies and diagrams for Z ! ff̄ decays in the Feynman gauge. Statistics
for planarity, QCD and EW type diagrams is also given. Label (A) denotes statistics after elimina-
tion of tadpoles and wavefunction corrections, and label (B) denotes statistics after elimination of
topological symmetries of diagrams.

FCC-ee-Z EWPO error estimations
��Z [MeV] �Rl [10�4] �Rb [10�5] � sin2 ✓le↵ [10�5]

EXP2 [40] 0.1 10 2÷ 6 6

TH1-new 0.4 60 10 45
TH2 0.15 15 5 15
TH3 < 0.07 < 7 < 3 < 7

Table B.7: Comparison of experimental FCC-ee precision goals for selected EWPOs (EXP2, from
Table B.1) to various scenarios for theory error estimations. TH1-new is the current theory error based
on extrapolations through geometric series. TH2 is an estimate of the theory error (using prefactor
scalings), assuming that electroweak 3-loop corrections are known. TH3 denotes a scenario where
also the dominant 4-loop corrections are available. Since reliable quantative estimates of TH3 are not
possible at this point, only conservative upper bounds on the theory error are given.

recently in the case of the Z-boson decay width [16]. Here the result of the bosonic two-loop corrections was
found to be larger than the previous estimate by a factor 3–5, depending on the chosen input parametrization.
One of the most promising avenues for addressing the challenges of these future calculations are numerical

- 25 -

• TH1: Current intrinsic uncertainty
• TH2: Extrapolation assuming EW 3-loop corrections are known
• TH3: Same as TH2 assuming dominant 4-loop corrections are known

FCC-ee

Standard Model Theory for the FCC-ee: The Tera-Z, arXiv:1809.01830 [hep-ph] 

Modeled via nuisance parameters modifying the SM predictions

http://inspirehep.net/record/1692960
http://arxiv.org/abs/arXiv:1809.01830
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Impact of theory uncertainties

Theory uncertainties have a  
significant impact in the sensitivity  

to New Physics  
(not easy to see in this global fit)

Current FCCee
Exp. SM Exp. SM (par.) SM (th.)

�MW [MeV] ±15 ±8 ±1 ±0.6/±1 ±1
��Z [MeV] ±2.3 ±0.73 ±0.1 ±0.1 ±0.2
�A` [⇥10�5] ±210 ±93 ±2.1 ±8/±14 ±11.8
�R

0
b
[⇥10�5] ±66 ±3 ±6 ±0.3 ±10

Table 19: UPDATED.

↵s �↵
(5)
had MZ mt Total FCCee

�MW [MeV] ±0.14 ±0.92 ±0.1 ±0.3 ±0.98 ±1
��Z [MeV] ±0.099 ±0.05 ±0.01 ±0.01 ±0.11 ±0.1
�A` [⇥10�5] ±0.54 ±14 ±0.56 ±1.2 ±14 ±2.1
�R

0
b
[⇥10�5] ±0.22 ±0.07 ±0.003 ±0.17 ±0.29 ±6

Table 20: Future param uncertaintities

↵s ↵QED/�↵
(5)
had MZ mt Total FCCee

�MW [MeV] ±0.14 ±0.53/± 0.92 ±0.1 ±0.3 ±0.64/± 0.98 ±1
��Z [MeV] ±0.099 ±0.03/± 0.05 ±0.01 ±0.01 ±0.1 /± 0.11 ±0.1
�A` [⇥10�5] ±0.54 ±8 /± 14 ±0.56 ±1.2 ±8.1 /± 14 ±2.1
�R

0
b
[⇥10�5] ±0.22 ±0.04/± 0.07 ±0.003 ±0.17 ±0.28/± 0.29 ±6

Table 21: Future param uncertaintities

Current FCCee
Exp. SM Exp. SM (par.) SM(par.+th.)

�MW [GeV] ±0.015 ±0.0080 ±0.001 ±0.00098 ±0.
��W [GeV] ±0.042 ±0.00079 ±0.005 ±0.0001 ±0.
��Z [GeV] ±0.0023 ±0.00073 ±0.0001 ±0.00011 ±0.
��

0
h
[nb] ±0.037 ±0.0062 ±0.025 ±0.00099 ±0.

� sin2
✓
lept
e↵ (QFB) ±0.0012 ±0.00012 ±0.0001 ±0.00002 ±0.

�P
pol
⌧

= A` ±0.0033 ±0.00093 ±0.0002 ±0.00014 ±0.
�A` ±0.0021 ±0.00093 ±0.000021 ±0.00014 ±0.
�Ac ±0.027 ±0.00041 ±0.01 ±0.00006 ±0.
�Ab ±0.020 ±0.000076 ±0.007 ±0.00001 ±0.
�A

0,`
FB ±0.0010 ±0.00021 ±0.0001 ±0.00003 ±0.

�A
0,c
FB ±0.0035 ±0.00052 ±0.0003 ±0.00008 ±0.

�A
0,b
FB ±0.0016 ±0.00067 ±0.0001 ±0.0001 ±0.

�R
0
`

±0.025 ±0.0077 ±0.001 ±0.0013 ±0.
�R

0
c

±0.0030 ±0.000026 ±0.0003 ±0.000004 ±0.
�R

0
b

±0.00066 ±0.000030 ±0.00006 ±0.000003 ±0.

Table 22:

16

Current
FCC-ee

No Th-unc.

95% Prob. Limits
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We can also lift the assumption of quark universality and constraint the couplings to 
all quark families independently using FCC-ee + FCC-eh
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The Global EW fit at FCC

• Electroweak precision measurements at FCC-eh 

Precision measurements of couplings to light quark families

Assuming new physics only in Zqq  
couplings

19FCC physics workshop, Jan 2018 Daniel Britzger – EW at FCC-eh

Weak neutral couplings: quarks, electrons

Weak neutral quark couplings
● u- and d-quark couplings determined 

simultaneously
● Very precise measurements feasible

High precision test of electroweak sector of Standard Model

preliminary preliminary

a
u
 =  0.5  +/- 0.003

a
d
 = -0.5  +/- 0.005

v
u
 =  0.20 +/- 0.002

v
d
 = -0.35 +/- 0.005

68% C.L.

68% C.L.

preliminary

d-type quarks u-type quarks Electrons

Electron couplings
● High precision
● Though: 

LEP with 'ulitmate' precision

Complementary test

FCC-eh

Observable Expected uncertainty (Relative uncertainty)

mt [GeV] 50 ⇥ 10
�3

(3 ⇥ 10
�4

)

MH [GeV] 7 ⇥ 10
�3

(6 ⇥ 10
�5

)

Table 4: Expected uncertainties on the top and Higgs masses at FCC-ee.

Observable Uncertainty (Relative uncertainty)

g
u

V
0.0022 (1.1%)

g
u

A
0.0031 (0.6%)

g
d

V
0.0049 (1.4%)

g
d

A
0.0049 (0.97%)

Table 5: Expected sensitivities to V and A light quark couplings.

FCC-ee 365 GeV

Correlation

Coupling Uncertainty Matrix

�g
t

V
/g

t SM
V

0.009 1 0.25

�g
t

A
/g

t SM
A

0.021 1

Table 6: Expected uncertainties on the Top couplings at FCC-ee.

FCC-ee 365 GeV

Correlation

Coupling Uncertainty Matrix

�g
t

L
/g

t SM
L

0.008 1 �0.96

�g
t

R
/g

t SM
R

0.016 1

Table 7: Expected uncertainties on the Top couplings at FCC-ee.

FCC-ee 365 GeV

Correlation

Coupling Uncertainty Matrix

�g
t

V
/g

t SM
V

0.009 1 0.25

�g
t

A
/g

t SM
A

0.021 1

�g
t

L
/g

t SM
L

0.008 1 �0.96

�g
t

R
/g

t SM
R

0.016 1

Table 8: Expected uncertainties on the Top couplings at FCC-ee.
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The Global EW fit at FCC

• Global fit to electroweak precision measurements at FCC 

No Fermion flavour universality assumed
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Fit inputs: Theory and Experiment

• Higgs precision measurements at FCC-ee 

Allows model-independent 
measurement of Higgs width

HIGGS MEASUREMENTS
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Figure 4.2: Left: A schematic view, transverse to the detector axis, of an e
+
e
� ! HZ event with

Z! µ+µ� and with the Higgs boson decaying hadronically. The two muons from the Z decay are
indicated. Right: Distribution of the mass recoiling against the muon pair, determined from the total
energy-momentum conservation, with an integrated luminosity of 5 ab

�1 and the CLD detector design.
The peak around 125 GeV (in red) consists of HZ events. The rest of the distribution (in blue and pink)
originate from ZZ and WW production.

the Higgs boson at the loop level. Under the assumption that the coupling structure is identical in form
to the SM, this cross section is proportional to the square of the Higgs boson coupling to the Z, gHZZ.

Building upon this powerful measurement, the Higgs boson width can then be inferred by counting
the number of HZ events in which the Higgs boson decays into a pair of Z bosons. Under the same
coupling assumption, this number is proportional to the ratio �HZ⇥�(H ! ZZ)/�H, hence to g4

HZZ/�H.
The measurement of gHZZ described above thus allows �H to be extracted. The numbers of events with
exclusive decays of the Higgs boson into bb̄, cc̄, gg, t+t�, µ+µ�, W

+
W

�, gg, Zg, and invisible Higgs
boson decays (tagged with the presence of just one Z boson and missing mass in the event) measure
�HZ ⇥ �(H ! XX)/�H with precisions indicated in Table 4.1.

With �HZ and �H known, the numbers of events are proportional to the square of the gHXX cou-
pling involved. In practice, the width and the couplings are determined with a global fit, which closely
follows the logic of Ref. [63]. The results of this fit are summarised in Table 4.2 and are compared to
the same fit applied to HL-LHC projections [60] and to those of other e

+
e
� colliders [64–66] exploring

the 240-to-380 GeV centre-of-mass energy range. Table 4.2 also shows that the extractions of �H and
of gHWW from the global fit are significantly improved by the addition of the WW-fusion process atp

s = 365 GeV, as a result of the correlation between the HZ and nn H processes.
In addition to the unique electroweak precision measurement programme presented earlier, the

FCC-ee, among the e
+
e
� collider projects at the EW scale, provides the best model-independent preci-

sions for all couplings accessible from Higgs boson decays. With larger luminosities delivered to several
detectors at several centre-of-mass energies (240, 350, and 365 GeV), the FCC-ee improves over the
model-dependent HL-LHC precisions by an order of magnitude for all non-rare decays, and is there-
fore able to test the Higgs boson at the one-loop level of the SM, without the need of a costly e

+
e
�

centre-of-mass energy upgrade. The FCC-ee also determines the Higgs boson width with a precision of
1.6%, which in turn allows the HL-LHC measurements to be interpreted in a model-independent way

DRAFT - NOT FOR DISTRIBUTION
43

Absolute measurement of HZZ couplings (σZH) 

CHAPTER 4

Table 4.1: Relative statistical uncertainty on the measurements of event rates, providing �HZ ⇥
BR(H ! XX) and �⌫⌫̄H ⇥ BR(H ! XX), as expected from the FCC-ee data. This is obtained from a
fast simulation of the CLD detector and consolidated with extrapolations from full simulations of similar
linear-collider detectors (SiD and CLIC). All numbers indicate 68% C.L. intervals, except for the 95%
C.L. sensitivity in the last line. The accuracies expected with 5 ab

�1 at 240 GeV are given in the middle
columns, and those expected with 1.5 ab

�1 at
p

s = 365 GeV are displayed in the last columns.
p

s (GeV) 240 365

Luminosity (ab
�1) 5 1.5

�(�BR)/�BR (%) HZ nn H HZ nn 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 ! tt ±0.9 ±1.8 ±8

H ! gg ±9.0 ±18 ±22

H ! µ+µ� ±19 ±40

H ! invis. < 0.3 < 0.6

as well. Other e
+
e
� colliders at the EW scale are limited by the precision with which the HZ or the

WW fusion cross sections can be measured, i.e., by the luminosity delivered either at 240-250 GeV, or
at 365-380 GeV, or both.

4.2.2 The Top Yukawa coupling and the Higgs Self-Coupling
Several Higgs boson couplings are not directly accessible from its decays, either because the masses
involved, and therefore the decay branching ratios, are too small to allow for an observation within 10

6

events – as is the case for the couplings to the particles of the first SM family: electron, up quark,
down quark – or because the masses involved are too large for the decay to be kinematically open –
as is the case for the top-quark Yukawa coupling and for the Higgs boson self coupling. Traditionally,
bounds on the top Yukawa and Higgs cubic couplings are extracted from the (inclusive and/or differential)
measurement of the tt̄H and HH production cross sections, which require significantly higher centre-of-
mass energy, either in e

+
e
� or in proton-proton collisions. The tt̄H production has already been detected

at the LHC with a significance larger than 5� by both the ATLAS [67] and CMS [68] collaborations,
corresponding to a combined precision of the order of 20% on the cross section and which constitutes
the first observation of the top-quark Yukawa coupling. The role FCC-ee can play in measuring the Higgs
self-coupling is discussed in detail in Sec. 10.

The precise determination of the top Yukawa coupling to ±5% is often used as another argument
for e

+
e
� collisions at a centre-of-mass energy of 500 GeV or above. This coupling will, however, be

determined with a similar or better precision already by the HL-LHC (±4.2%, model dependent), and
constrained to ±3.3% through a combined model-independent fit with FCC-ee data (Table 4.2). The
FCC-ee also has access to this coupling on its own, through its effect at quantum level on the tt̄ cross
section just above production threshold,

p
s = 350 GeV. Here too, the FCC-ee measurements at lower

energies are important to fix the value of the strong coupling constant ↵S (Section 3.2). This precise

44
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Theory uncertainties: Higgs observables

Quantity FCC-ee Current intrinsic error Projected intrinsic error

MW [MeV] 1–1.5 ‡ 4 (↵3
,↵

2
↵s) 1

sin2
✓
`

e↵ [10�5] 0.6 4.5 (↵3
,↵

2
↵s) 1.5

�Z [MeV] 0.1 0.5 (↵2
bos,↵

3
,↵

2
↵s,↵↵

2
s
) 0.2

Rb [10�5] 6 15 (↵2
bos,↵

3
,↵

2
↵s) 7

Rl [10�3] 1 5 (↵2
bos,↵

3
,↵

2
↵s) 1.5

‡The pure experimental precision on MW is ⇠ 0.6 MeV.

Table 8: Estimated precision for the direct determination of several important electroweak
precision observables at FCC-ee. The main sources of missing higher-order corrections of the
current uncertainties are indicated, with ↵

2
bos denoting the pure “bosonic” two-loop corrections.

Decay Intrinsic Param. mq Param. ↵s Para. MH

H ! bb̄ ⇠ 0.2% 0.6% < 0.1% –

H ! cc̄ ⇠ 0.2% ⇠ 1% < 0.1% –

H ! ⌧
+
⌧
�

< 0.1% – – –

H ! µ
+
µ

�
< 0.1% – – –

H ! gg ⇠ 1% 0.5% –

H ! �� < 1% – – –

H ! Z� ⇠ 1% – –

H ! WW . 0.4% – – ⇠ 0.1%

H ! ZZ . 0.3%† – – ⇠ 0.1%

�tot ⇠ 0.3% ⇠ 0.4% < 0.1% < 0.1%
† From e

+
e
� ! HZ production

Table 9: Projected intrinsic and parametric uncertainties for the partial and total Higgs-boson
decay width predictions.

7 Theory uncertainties in EWPO

8 Theory uncertainties in Higgs observables

6

FCC-ee CDR
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Fit inputs: Theory and Experiment



The TGC dominance assumption
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! Assumption: New physics contributes to e+e− → WW only through the
TGC vertex.

! Reality: In principle there can be many other contributions!

! Other contributions are constrained by Z -pole measurements.
! With the Z -pole run, the TGC dominance assumption should be valid at

FCC-ee.
! Ultimately, a full EFT analysis is desired... (Z -pole + WW + Higgs)
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Triple Gauge Couplings (at FCC-ee)
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Fit inputs: Theory and Experiment

• DiBoson (WW) precision measurements at FCC-ee 

Data taking at additional energy points
In the case of limiting correlated systematics uncertainties, it can be useful to take data and
measure both signal and background cross section at more than two ECM points, in order to
reduce background and acceptance uncertainties.

In particular, for the simultaneous measurement of mW and �W just described, taking data
at energy points where the differential factors (d�/dmW)

�1, (d�/d�W)
�1, �(d�/dmW)

�1 and
�(d�/d�W)

�1, are equal, can help cancelling the effect of correlated systematic uncertainties
of background and acceptance.

Measuring the W-pair cross section at additional points can also serve to disentagle other
possible new physics effects at threshold; for example measuring the �3

W raise of the triple
gauge coupling (TGC) cancellation effects.

3 Measurement of W decay couplings
With the full FCC-ee physics program, a total of around 130M W-pair events will be produced,
with a majority at the

p
s= 240 GeV energy. As the LEP2 program has demonstrated, a very

large fraction of the produced W-pair events can be collected (85-95% efficiency), with low
background levels (90-95% purity), in all decay final states, including fully hadronic qqqq,
semi-leptonic `⌫qq, and fully leptonic `⌫`⌫ channels, with ` = e, µ and ⌧ .

The event yields in the qqqq channel, the three `⌫qq channels, and the six `⌫`⌫ channels
can be combined, taking into account their cross-contaminations and correlations, in order to
fit the W decay branching ratios, and the total W-pair cross sections. A fit that does not as-
sume W-lepton coupling universality can be performed to extract the leptonic decay couplings
Be, Bµ and B⌧ , while a fit that assumes lepton universality can be performed to extract the
hadronic decay coupling Bq. In both fits the sum of leptonic and hadronic branching fractions
is constrained to unity.

Final results of these two fits making use of LEP2 data [24, 34] are shown in Fig. 3.4.
The results without lepton universality revealed an excess of tau decays with respect to both
the electron and muon decay channels. This excess has been quantified to be at the level of 2.6
standard deviations significance, by making use of the ratio 2B⌧/(Be + Bµ).

It will be very difficult to confirm or rule out this tau channel excess by making use of W
decays in the LHC data, due to systematic uncertainty limitations with identifying tau decays
in high energy hadron collisions. Only a future collider like the FCCee, that can deliver a very
large, comprehensive and clear collection of 10

8 W boson decays, will certainly be able to
provide a clarification on this tau discrepancy.

Table 3.1: Relative precision on the determination of the W decay branching ratios. Final
combined results with LEP2 data are compared to the projected precision obtainable with FCC-
ee.

Decay mode relative precision B(W ! e⌫) B(W ! µ⌫) B(W ! ⌧⌫) B(W ! qq)
LEP2 1.5% 1.4% 1.8% 0.4%

FCC-ee 3·10
�4 3·10

�4 4·10
�4 1·10

�4

Projected precisions on the W boson decays to hadrons, e µ and ⌧ leptons achievable with

36

Fig. 3.14: The one-sigma precision reaches of the three aTGCs at the FCC-ee from the mea-
surements of e+e� ! WW in the semileptonic channel shown in log scale. The LEP reaches
are also shown for comparison. The LEP results of individual fits are taken from the combined
analysis [24], while the global ones are taken from the ALEPH paper [65]. For illustration, the
central values of the LEP results are not shown, and the precision are averaged over the positive
and negative one-sigma bounds if they are asymmetric.

FCC-ee e+e� ! WW semileptonic channel all angles
240 GeV only 365 GeV only

uncertainty correlation matrix uncertainty correlation matrix
�g1,Z �� �Z �g1,Z �� �Z

�g1,Z 11.2 ⇥ 10
�4 1 0.08 -0.90 13.9 ⇥ 10

�4 1 -0.57 -0.80
�� 8.6 ⇥ 10

�4 1 -0.42 8.3 ⇥ 10
�4 1 0.10

�Z 12.3 ⇥ 10
�4 1 11.9 ⇥ 10

�4 1

240/350/365 GeV 161/240/350/365 GeV
uncertainty correlation matrix uncertainty correlation matrix

�g1,Z �� �Z �g1,Z �� �Z

�g1,Z 8.1 ⇥ 10
�4 1 -0.28 -0.87 8.1 ⇥ 10

�4 1 -0.28 -0.87
�� 5.2 ⇥ 10

�4 1 -0.12 5.2 ⇥ 10
�4 1 -0.12

�Z 7.9 ⇥ 10
�4 1 7.9 ⇥ 10

�4 1

Table 3.7: The one-sigma precision reaches from a global fit of the three aTGCs at the FCC-ee
and the correlations among them. Four scenarios are considered, which are the 240 GeV run
only, the 365 GeV run only, the combination of the 240, 350 and 365 GeV runs and the full
FCC-ee scenario (with the addition of the threshold run).

also try to optimize the statistical methods in order to extract all possible information from the
measurements.

7 Performance requirements for diboson physics
To be done by Paolo.

52

Relevant to constrain CC couplings + NC for each neutrino flavour

aTGC δg1Z and δκγ receive contributions from same interactions entering in 
hVV couplings ⇒ Relevant for Global Higgs fit
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FCC-ee.
! Ultimately, a full EFT analysis is desired... (Z -pole + WW + Higgs)
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The Global Higgs fit at FCCQuantity FCC-ee Current intrinsic error Projected intrinsic error

MW [MeV] 1–1.5 ‡ 4 (↵3
,↵

2
↵s) 1

sin2
✓
`

e↵ [10�5] 0.6 4.5 (↵3
,↵

2
↵s) 1.5

�Z [MeV] 0.1 0.5 (↵2
bos,↵

3
,↵

2
↵s,↵↵

2
s
) 0.2

Rb [10�5] 6 15 (↵2
bos,↵

3
,↵

2
↵s) 7

Rl [10�3] 1 5 (↵2
bos,↵

3
,↵

2
↵s) 1.5

‡The pure experimental precision on MW is ⇠ 0.6 MeV.

Table 8: Estimated precision for the direct determination of several important electroweak
precision observables at FCC-ee. The main sources of missing higher-order corrections of the
current uncertainties are indicated, with ↵

2
bos denoting the pure “bosonic” two-loop corrections.

Decay Intrinsic Param. mq Param. ↵s Para. MH

H ! bb̄ ⇠ 0.2% 0.6% < 0.1% –

H ! cc̄ ⇠ 0.2% ⇠ 1% < 0.1% –

H ! ⌧
+
⌧
�

< 0.1% – – –

H ! µ
+
µ

�
< 0.1% – – –

H ! gg ⇠ 1% 0.5% –

H ! �� < 1% – – –

H ! Z� ⇠ 1% – –

H ! WW . 0.4% – – ⇠ 0.1%

H ! ZZ . 0.3%† – – ⇠ 0.1%

�tot ⇠ 0.3% ⇠ 0.4% < 0.1% < 0.1%
† From e

+
e
� ! HZ production

Table 9: Projected intrinsic and parametric uncertainties for the partial and total Higgs-boson
decay width predictions.

7 Theory uncertainties in EWPO

8 Theory uncertainties in Higgs observables

6

Fit 1 operator at a time

• Fit to Higgs precision measurements at FCC-ee 
Impact of theory uncertainties
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The Global Higgs fit at FCC

Sensitivity to NP in effective couplings in the SMEFT framework
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Sensitivity to NP in effective couplings in the SMEFT framework
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• Can be tested at FCC-ee via NLO effects 
FCCee sensitivity to Higgs trilinear coupling

NP in the effective Higgs trilinear coupling in the SMEFT framework

CHAPTER 10
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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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From a global fit to the FCCee Higgs + Diboson data:

Indirect FCC-ee sensitivity to Higgs trilinear better than direct at HLLHC

January 8, 2019

EFT analyses with FCC precision

J. de Blasa†

aINFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk presented at the FCC-ee physics workshop.

1 Couplings in EFT
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Sensitivity to NP in effective couplings in the SMEFT framework
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• FCC-eh (60 GeV e - 50 TeV p):  Precisions for 2 ab-1 of data 
CC DIS: W boson fusion NC DIS: Z boson fusion 

Observable Expected uncertainty
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• Rare Higgs decays statistically limited at FCC-ee/eh 

• Can be measured at FCC-hh with 1% stat. precision (in δμ/μ) 

• Systematics can be further cancelled by measuring ratios of BR 
(γγ/4l, μμ/4l, Zγ/4l,  γγ/μμ) 

• Robust determination by this method requires both FCC-hh and 
FCC-ee/eh 
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Figure 4.5: B Projected precision for the rate measurement of various Higgs final states, in the gg!H
production channel. The label "lumi" indicates the inclusion of a 1% overall uncertainty. The systematic
uncertainty "syst" is defined in the text.

Independently of future progress, the systematics related to production modelling and to lumi-
nosity cancel entirely by taking the ratio of different decay modes, provided we consider selection cuts
corresponding to identical fiducial kinematical domains for the Higgs boson. This can be done for the
final states considered in Fig. 4.5. Ratios of production rates for these channels provide absolute de-
terminations of ratios of branching ratios, with uncertainties dominated by the statistics, and by the
uncorrelated systematics such as reconstruction efficiencies for the different final state particles. These
ratios are shown in Fig. 4.6. The curves with the systematics labeled as "cons" use the conservative
reconstruction uncertainties plotted in Fig. 4.4.

We summarize these results in Table 4.4, showing separately the statistical and systematic uncer-
tainties obtained in our studies. As remarked above, there is in principle room for further progress, by
fully exploiting data-driven techniques to reduce the experimental systematics. At the least, one can
expect that these potential improvements will compensate for the current neglect of other experimental
complexity, such as pile-up. The most robust measurements will involve the ratios of branching ratios.
Taking as a given the value of the HZZ coupling (and therefore B(H! 4`)), which will be measured to
the few per-mille level by FCC-ee, from the FCC-hh ratios it could be possible to extract the absolute
couplings of the Higgs to gg (0.4%), µµ (0.7%), and Zg(0.9%).

DRAFT - NOT FOR DISTRIBUTION
49

Provided BR(H→4l) know to <<1% 

(pp→H→4l at FCC-hh ~1%) 

Measurable at FCC-ee/eh with  
required precision

1% accuracy (stat + sys)  
within reach

Jorge de Blas 
INFN - University of Padova

11th FCC-ee workshop: Theory and Experiments 
CERN, Jan 9, 2019

The Global Higgs fit at FCC



• Top Yukawa coupling not directly accessible at FCC-ee. Could be 
measured in single tH at FCC-eh 

• Can be measured at FCC-hh from σ(ttH)/σ(ttZ)  (boosted) 

• Robust determination by this method requires both FCC-hh and 
FCC-ee 

Measuring the Top Yukawa Coupling at 100 TeV 11
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Figure 5: Reconstructed mbb of the Higgs and Z candidates in tt̄H and tt̄Z production with the default
BDRS tagger (left) and after using optimalR and the N -subjettiness cut ⌧2/⌧1 < 0.4 (right). In the
right panel we include the fitted Crystal Ball functions. The event numbers are scaled to L = 20 ab�1.

the expected value of �Rbb from a fit to Monte Carlo simulations,

�R
(calc)

bb
=

250 GeV

pT,filt

. (4)

This supports the choice of R = 1.2 for the C/A jet clustering for the Higgs Tagger requiring transverse
momenta of pT > 200 GeV. Unfortunately, for tt̄H production the relation between the expected and
the measured values of �Rbb does not significantly improve the analysis. However, the mass di↵erence

between the Higgs and the Z boson leads to a shifted peak in the �Rbb � �R
(calc)

bb
distribution for

tt̄Z. This shift allows for an additional reduction of tt̄Z if desired. In the final result shown in the
left panel of Fig. 6 we include a triple b-tag, the N -subjettiness variable ⌧2/⌧1, and a modified fat
jet radius for the Higgs candidate. Since the background region mbb 2 [160, 300] GeV is smooth and
untouched by any signal, we can use it to subtract the QCD continuum from the combined tt̄H and
tt̄Z signal. If the soft regime mbb 2 [0, 60] GeV can be useful in the same way needs to be checked by
a full experimental analysis.

For the signal region mbb 2 [104, 136] GeV we arrive at a signal-to-background ratio around
S/B ⇡ 1/3 and a Gaussian significance S/

p
B = 120, assuming an integrated luminosity of

L = 20 ab�1. The error on the number of nominally NS = 44700 signal events is given by two
terms. First, we assume that we can determine NS from the total number of events NS + NB using
a perfect determination of NB from the side bands. Second, the side band mbb 2 [160, 296] GeV
with altogether Nside = 135000 events and a relative uncertainty of 1/

p
Nside introduces a statistical

uncertainty �NB , altogether leading to

�NS =

⇣p
NS +NB

⌘2

+ (�NB)
2

�1/2

=

"⇣p
NS +NB

⌘2

+

✓
NB

p
Nside

◆2
#1/2

= 0.013NS . (5)

For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010NS .

In the right panel of Fig. 6 we show a combined fit to the Z and Higgs peaks assuming a
perfect background subtraction. A combined analysis of both peaks (with known masses) serves as a
check of the jet substructure techniques [23, 6] and as a means to reduce systematic and theoretical
uncertainties, as discussed in Section 2. Given separate simulations for the Higgs and Z peaks, we
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Figure 3: Reconstructed mbb for the leading-J substructures in the fat Higgs jet. We require two
b-tags inside the fat Higgs jet (left) and an additional continuum b-tag (right). The event numbers are
scaled to L = 20 ab�1.

At the generator level we require pT,j,b,` > 10 GeV and �Rjj,bb,j` > 0.1. The tt̄+jets background
is generated as one hard jet with pT,j > 100 GeV at the hard matrix element level. We do not
consider merged samples since we found that the influence of tt̄+2j to our analysis is negligible. After
generator cuts we start with a signal cross section of 4.2 pb. Associated tt̄Z production yields 1.2 pb.
The continuum tt̄bb̄ background counts 121 pb and is at this stage dominated by tt̄+jets with 2750 pb.

Delphes3 provides isolated leptons as well as parton-level b-quarks needed for the tagging
procedure later-on. Leptons have to pass a minimum pT,` > 10 GeV. For their isolation we demand
a transverse momentum ratio (isolation variable) of I < 0.1 within �R < 0.3. Finally, we use the
energy flow objects for hadrons to cluster via the Cambridge/Aachen (C/A) jet algorithm [51]. The
jet clustering and the analysis are done with FastJet3 [52], a modified BDRS Higgs tagger [23, 6]
and the HEPTopTagger2 [22]. For all b-tags we require a parton-level b-quark within �R < 0.3.

First, we require one isolated lepton with |y`| < 2.5 and pT,` > 15 GeV. For the top tag [53, 54, 55],
we cluster the event into fat C/A jets with R = 1.8 and pT,j > 200 GeV. Provided we find at least

two fat jets we apply the HEPTopTagger2 with the kinematic requirement |y
(t)

j
| < 4. The recent

significant update of the HEPTopTagger2 relies on two additional pieces of information to achieve
a significant improvement [22]. One of them is N -subjettiness [56], which adds some sensitivity to the
color structure of the event. The other is the optimalR mode, which based on a constant fat jet mass
reduces the size of the fat jet [57] to the point where the fat jet stops containing all hard top decay
subjets. This minimal size can also be computed based on the transverse momentum of the fat jet.
Since the signal and all considered backgrounds include a hadronic top quark, changing the top tagging
parameters results only in an overall scaling factor. In this analysis we do not cut on the di↵erence
between the expected and the found optimal radius because the initial fat jet size is already chosen to
fit the expected transverse momenta. To have a handle on the QCD multi-jet background, we place a
mild cut on the filtered N -subjettiness ratio ⌧3/⌧2 < 0.8 which can be tightened at the cost of signal
e�ciency if desired. After identifying the boosted top we remove the associated hadronic activity and

apply a modified BDRS Higgs tagger to fat C/A jet(s) with R = 1.2, |y(H)

j
| < 2.5, and pT,j > 200 GeV.

Our decomposition of the fat jet into hard substructure includes a cuto↵ of msub > 40 GeV for the
relevant substructure and a mass drop threshold of 0.9. The hard substructures are then paired in all
possible ways and ordered by their modified Jade distance,

J = pT,1pT,2(�R12)
4
. (3)

The leading pairing we filter [23] including the three hardest substructures, to allow for hard gluon
radiation. For consistency we require a reconstructed transverse momentum above 200 GeV. Within

e.g. Fit and extract NH/NZ  
to 1% accuracy ⇒ δstat+th yt/yt ~ 1%

Assumes no NP in Ztt and  
BR(H→bb) known <<1% 

Both measurable at FCC-ee  
with required precision
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This supports the choice of R = 1.2 for the C/A jet clustering for the Higgs Tagger requiring transverse
momenta of pT > 200 GeV. Unfortunately, for tt̄H production the relation between the expected and
the measured values of �Rbb does not significantly improve the analysis. However, the mass di↵erence

between the Higgs and the Z boson leads to a shifted peak in the �Rbb � �R
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tt̄Z. This shift allows for an additional reduction of tt̄Z if desired. In the final result shown in the
left panel of Fig. 6 we include a triple b-tag, the N -subjettiness variable ⌧2/⌧1, and a modified fat
jet radius for the Higgs candidate. Since the background region mbb 2 [160, 300] GeV is smooth and
untouched by any signal, we can use it to subtract the QCD continuum from the combined tt̄H and
tt̄Z signal. If the soft regime mbb 2 [0, 60] GeV can be useful in the same way needs to be checked by
a full experimental analysis.

For the signal region mbb 2 [104, 136] GeV we arrive at a signal-to-background ratio around
S/B ⇡ 1/3 and a Gaussian significance S/
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B = 120, assuming an integrated luminosity of

L = 20 ab�1. The error on the number of nominally NS = 44700 signal events is given by two
terms. First, we assume that we can determine NS from the total number of events NS + NB using
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In the right panel of Fig. 6 we show a combined fit to the Z and Higgs peaks assuming a
perfect background subtraction. A combined analysis of both peaks (with known masses) serves as a
check of the jet substructure techniques [23, 6] and as a means to reduce systematic and theoretical
uncertainties, as discussed in Section 2. Given separate simulations for the Higgs and Z peaks, we

Measuring the Top Yukawa Coupling at 100 TeV 9

0 50 100 150 200 2500

100

200

300

400

500

600

700
310×

 [GeV]recm

GeV
1 

recdm
dN

2 b-tags

Htt
Ztt

bbtt
+jetstt

0 50 100 150 200 2500

10

20

30

40

50

60

70

80
310×

 [GeV]recm

GeV
1 

recdm
dN 3 b-tags

Htt
Ztt
+jetstt

bbtt

Figure 3: Reconstructed mbb for the leading-J substructures in the fat Higgs jet. We require two
b-tags inside the fat Higgs jet (left) and an additional continuum b-tag (right). The event numbers are
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At the generator level we require pT,j,b,` > 10 GeV and �Rjj,bb,j` > 0.1. The tt̄+jets background
is generated as one hard jet with pT,j > 100 GeV at the hard matrix element level. We do not
consider merged samples since we found that the influence of tt̄+2j to our analysis is negligible. After
generator cuts we start with a signal cross section of 4.2 pb. Associated tt̄Z production yields 1.2 pb.
The continuum tt̄bb̄ background counts 121 pb and is at this stage dominated by tt̄+jets with 2750 pb.

Delphes3 provides isolated leptons as well as parton-level b-quarks needed for the tagging
procedure later-on. Leptons have to pass a minimum pT,` > 10 GeV. For their isolation we demand
a transverse momentum ratio (isolation variable) of I < 0.1 within �R < 0.3. Finally, we use the
energy flow objects for hadrons to cluster via the Cambridge/Aachen (C/A) jet algorithm [51]. The
jet clustering and the analysis are done with FastJet3 [52], a modified BDRS Higgs tagger [23, 6]
and the HEPTopTagger2 [22]. For all b-tags we require a parton-level b-quark within �R < 0.3.

First, we require one isolated lepton with |y`| < 2.5 and pT,` > 15 GeV. For the top tag [53, 54, 55],
we cluster the event into fat C/A jets with R = 1.8 and pT,j > 200 GeV. Provided we find at least

two fat jets we apply the HEPTopTagger2 with the kinematic requirement |y
(t)

j
| < 4. The recent

significant update of the HEPTopTagger2 relies on two additional pieces of information to achieve
a significant improvement [22]. One of them is N -subjettiness [56], which adds some sensitivity to the
color structure of the event. The other is the optimalR mode, which based on a constant fat jet mass
reduces the size of the fat jet [57] to the point where the fat jet stops containing all hard top decay
subjets. This minimal size can also be computed based on the transverse momentum of the fat jet.
Since the signal and all considered backgrounds include a hadronic top quark, changing the top tagging
parameters results only in an overall scaling factor. In this analysis we do not cut on the di↵erence
between the expected and the found optimal radius because the initial fat jet size is already chosen to
fit the expected transverse momenta. To have a handle on the QCD multi-jet background, we place a
mild cut on the filtered N -subjettiness ratio ⌧3/⌧2 < 0.8 which can be tightened at the cost of signal
e�ciency if desired. After identifying the boosted top we remove the associated hadronic activity and

apply a modified BDRS Higgs tagger to fat C/A jet(s) with R = 1.2, |y(H)

j
| < 2.5, and pT,j > 200 GeV.

Our decomposition of the fat jet into hard substructure includes a cuto↵ of msub > 40 GeV for the
relevant substructure and a mass drop threshold of 0.9. The hard substructures are then paired in all
possible ways and ordered by their modified Jade distance,

J = pT,1pT,2(�R12)
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. (3)

The leading pairing we filter [23] including the three hardest substructures, to allow for hard gluon
radiation. For consistency we require a reconstructed transverse momentum above 200 GeV. Within
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Figure 5: Reconstructed mbb of the Higgs and Z candidates in tt̄H and tt̄Z production with the default
BDRS tagger (left) and after using optimalR and the N -subjettiness cut ⌧2/⌧1 < 0.4 (right). In the
right panel we include the fitted Crystal Ball functions. The event numbers are scaled to L = 20 ab�1.

the expected value of �Rbb from a fit to Monte Carlo simulations,

�R
(calc)

bb
=

250 GeV

pT,filt

. (4)

This supports the choice of R = 1.2 for the C/A jet clustering for the Higgs Tagger requiring transverse
momenta of pT > 200 GeV. Unfortunately, for tt̄H production the relation between the expected and
the measured values of �Rbb does not significantly improve the analysis. However, the mass di↵erence

between the Higgs and the Z boson leads to a shifted peak in the �Rbb � �R
(calc)

bb
distribution for

tt̄Z. This shift allows for an additional reduction of tt̄Z if desired. In the final result shown in the
left panel of Fig. 6 we include a triple b-tag, the N -subjettiness variable ⌧2/⌧1, and a modified fat
jet radius for the Higgs candidate. Since the background region mbb 2 [160, 300] GeV is smooth and
untouched by any signal, we can use it to subtract the QCD continuum from the combined tt̄H and
tt̄Z signal. If the soft regime mbb 2 [0, 60] GeV can be useful in the same way needs to be checked by
a full experimental analysis.

For the signal region mbb 2 [104, 136] GeV we arrive at a signal-to-background ratio around
S/B ⇡ 1/3 and a Gaussian significance S/

p
B = 120, assuming an integrated luminosity of

L = 20 ab�1. The error on the number of nominally NS = 44700 signal events is given by two
terms. First, we assume that we can determine NS from the total number of events NS + NB using
a perfect determination of NB from the side bands. Second, the side band mbb 2 [160, 296] GeV
with altogether Nside = 135000 events and a relative uncertainty of 1/

p
Nside introduces a statistical

uncertainty �NB , altogether leading to

�NS =

⇣p
NS +NB

⌘2

+ (�NB)
2

�1/2

=

"⇣p
NS +NB

⌘2

+

✓
NB

p
Nside

◆2
#1/2

= 0.013NS . (5)

For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010NS .

In the right panel of Fig. 6 we show a combined fit to the Z and Higgs peaks assuming a
perfect background subtraction. A combined analysis of both peaks (with known masses) serves as a
check of the jet substructure techniques [23, 6] and as a means to reduce systematic and theoretical
uncertainties, as discussed in Section 2. Given separate simulations for the Higgs and Z peaks, we
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scaled to L = 20 ab�1.

At the generator level we require pT,j,b,` > 10 GeV and �Rjj,bb,j` > 0.1. The tt̄+jets background
is generated as one hard jet with pT,j > 100 GeV at the hard matrix element level. We do not
consider merged samples since we found that the influence of tt̄+2j to our analysis is negligible. After
generator cuts we start with a signal cross section of 4.2 pb. Associated tt̄Z production yields 1.2 pb.
The continuum tt̄bb̄ background counts 121 pb and is at this stage dominated by tt̄+jets with 2750 pb.

Delphes3 provides isolated leptons as well as parton-level b-quarks needed for the tagging
procedure later-on. Leptons have to pass a minimum pT,` > 10 GeV. For their isolation we demand
a transverse momentum ratio (isolation variable) of I < 0.1 within �R < 0.3. Finally, we use the
energy flow objects for hadrons to cluster via the Cambridge/Aachen (C/A) jet algorithm [51]. The
jet clustering and the analysis are done with FastJet3 [52], a modified BDRS Higgs tagger [23, 6]
and the HEPTopTagger2 [22]. For all b-tags we require a parton-level b-quark within �R < 0.3.

First, we require one isolated lepton with |y`| < 2.5 and pT,` > 15 GeV. For the top tag [53, 54, 55],
we cluster the event into fat C/A jets with R = 1.8 and pT,j > 200 GeV. Provided we find at least

two fat jets we apply the HEPTopTagger2 with the kinematic requirement |y
(t)

j
| < 4. The recent

significant update of the HEPTopTagger2 relies on two additional pieces of information to achieve
a significant improvement [22]. One of them is N -subjettiness [56], which adds some sensitivity to the
color structure of the event. The other is the optimalR mode, which based on a constant fat jet mass
reduces the size of the fat jet [57] to the point where the fat jet stops containing all hard top decay
subjets. This minimal size can also be computed based on the transverse momentum of the fat jet.
Since the signal and all considered backgrounds include a hadronic top quark, changing the top tagging
parameters results only in an overall scaling factor. In this analysis we do not cut on the di↵erence
between the expected and the found optimal radius because the initial fat jet size is already chosen to
fit the expected transverse momenta. To have a handle on the QCD multi-jet background, we place a
mild cut on the filtered N -subjettiness ratio ⌧3/⌧2 < 0.8 which can be tightened at the cost of signal
e�ciency if desired. After identifying the boosted top we remove the associated hadronic activity and

apply a modified BDRS Higgs tagger to fat C/A jet(s) with R = 1.2, |y(H)

j
| < 2.5, and pT,j > 200 GeV.

Our decomposition of the fat jet into hard substructure includes a cuto↵ of msub > 40 GeV for the
relevant substructure and a mass drop threshold of 0.9. The hard substructures are then paired in all
possible ways and ordered by their modified Jade distance,

J = pT,1pT,2(�R12)
4
. (3)

The leading pairing we filter [23] including the three hardest substructures, to allow for hard gluon
radiation. For consistency we require a reconstructed transverse momentum above 200 GeV. Within
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Figure 10.4: Expected precision on the Higgs self-coupling modifier � with no systematic uncertainties
(only statistical), 1% signal uncertainty, 1% signal uncertainty together with 1% uncertainty on the Higgs
backgrounds (left) and assuming respectively ⇥1, ⇥2, ⇥0.5 background yields (right).)

defining such a control sample is more challenging and we therefore assume an uncertainty of 1% on the
normalisation, motivated by expected precision on this process at the FCC-hh [77]. In this scenario we
find an expected precision �� = 6.5%. Figure 10.4 (right) shows how the precision is affected by vary-
ing the overall background yields by factors of 2 and 0.5 and find an impact on the overall � precision
of ⇡ ±1%.

Figure 10.5 shows the dependence of sensitivity on the detector performance assumptions. The left
plot assumes a ggmass resolution �m�� = 2.9 GeV. The central plot modifies the photon reconstruction
efficiency, and the right one modifies the jet-to-photon fake rate. Each of these scenarios degrades the
precision on the self-coupling by 1-2%. These scenarios roughly match the expected performance of the
ATLAS and CMS detectors at HL-LHC [280, 281], and should therefore be considered as conservative.
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Figure 10.5: Expected precision on the Higgs self-coupling modifier � obtained by varying the photon
reconstruction performance. Left: Comparison of two scenarios with nominal (�m�� = 1.3 GeV) and
degraded (�m�� = 2.9 GeV) energy resolution. Center: Comparison of two scenarios with nominal
(✏� = 95%) and degraded (✏� = 85%) photon reconstruction efficiency. Right: Comparison of three
scenarios with nominal, degraded (⇥5) and improved (⇥0.2) photon mistag rate.
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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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defining such a control sample is more challenging and we therefore assume an uncertainty of 1% on the
normalisation, motivated by expected precision on this process at the FCC-hh [77]. In this scenario we
find an expected precision �� = 6.5%. Figure 10.4 (right) shows how the precision is affected by vary-
ing the overall background yields by factors of 2 and 0.5 and find an impact on the overall � precision
of ⇡ ±1%.

Figure 10.5 shows the dependence of sensitivity on the detector performance assumptions. The left
plot assumes a ggmass resolution �m�� = 2.9 GeV. The central plot modifies the photon reconstruction
efficiency, and the right one modifies the jet-to-photon fake rate. Each of these scenarios degrades the
precision on the self-coupling by 1-2%. These scenarios roughly match the expected performance of the
ATLAS and CMS detectors at HL-LHC [280, 281], and should therefore be considered as conservative.
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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

10

2.2 Higgs couplings

LhV V = ghggG
A

µ⌫
G

Aµ⌫
h + g

(1)
hWW

W
µ⌫
W

†
µ⌫
h +

⇣
g
(2)
hWW

W
+⌫
@

µ
W

†
µ⌫
h + h.c.

⌘
+ g

(3)
hWW

W
+
µ
W

�µ
h

+g
(1)
hZZ

Zµ⌫Z
µ⌫
h + g

(2)
hZZ

Z⌫@µZ
µ⌫
h + g

(3)
hZZ

ZµZ
µ
h

+g
(1)
hZA

Zµ⌫F
µ⌫
h + g

(2)
hZA

Z⌫@µF
µ⌫
h + ghAAFµ⌫F

µ⌫
h

Lhff= g
ii

hee
ē
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• FCC-hh gives access to high-energy frontier in precision constraints 

Most of the effects discussed so far 
For E>>v these effects can provide precise constraints on EFT interactions 

even if experimental precision is lower
Large Energies ⇒ FCC-hh  

Look for E-enhanced effects in differential distributions 6

ria, we require exactly two subjets after the former step
and at least two subjets after filtering. We proceed with
b-tagging the two hardest subjets. We choose a b-tagging
e�ciency of 70% and a misidentification rate for light jets
of 2%. After the filtering and b-tagging steps, we require
events with exactly two b-tagged subjets, which are well-
separated from the isolated leptons: �R(bi, `j) > 0.4
for both leptons `1,2 and b-tagged subjets bi. We recon-
struct the Higgs by requiring its invariant mass to lie in
the range [115 GeV, 135 GeV].

In order to further reduce the backgrounds, we demand
both the reconstructed Z and the Higgs bosons to have
pT > 200 GeV. The tt̄ background can be removed al-
most entirely by requiring /ET < 30 GeV. The cut-flow
a↵ecting the most dominant background Zbb̄ and the SM
Zh channel, is summarized in Table III.

Before focussing on the very high-energy e↵ects by
imposing cuts on MZh, we find that the ratio of cross-
section between SM Zh and Zbb̄ is⇠ 0.26. A multivariate
implementation at this level strengthens this ratio fur-
ther. In order to be quantitative, we impose looser cuts
on the aforementioned variables 70 GeV < m`` < 110
GeV, pT,`` > 160 GeV, �R`` > 0.2, pT,fatjet > 60 GeV,
95 GeV < mh < 155 GeV, �Rbi,`j > 0.4 and /ET < 30
GeV. Because Z+jets and tt̄ are much less significant
than Zbb̄, we train the boosted decision trees only with
the SM qq̄-initiated Zh and Zbb̄ samples using the follow-
ing variables: pT of the two isolated leptons, �R between
pairs of b-subjets and isolated leptons, between the two
isolated leptons and between the hardest two b-subjets
in the Higgs fatjet, the reconstructed Z-boson mass and
its pT , �� separation between the fatjet and the recon-
structed Z-boson, /ET , mass of the reconstructed Higgs
jet and its pT , pT of the two b-tagged filtered subjets, the
ratio of their pT and the rapidity of the Higgs jet. We
ensure that we do not have variables which are ⇠ 100%
correlated but we retain all other variables. Because our
final distribution of interest is the invariant mass of the
Zh-system, we do not consider it as an input variable.
We use the TMVA [56] framework to train our samples and
always ensure that the Kolmogorov-Smirnov statistic is
at least of the order ⇠ 0.1 in order to avoid overtrain-
ing of the samples [57]. We find that the aforementioned
ratio increases to ⇠ 0.50 upon using the boosted deci-
sion tree algorithm showing that a further optimisation
of the cut-based analysis was necessary. Finally, we test
all our samples with the training obtained from the SM
qq̄ initiated Zh and the Zbb̄ samples.

To distinguish between the EFT signal and the irre-
ducible SM Zh(bb̄) background we utilise the growth of
the EFT cross-section at high energies. The e↵ects are
readily seen in the MZh distribution, our observable of
interest. In Fig. 1 we show the di↵erential distribution
with respect to this variable for the EFT signal as well
as the di↵erent backgrounds for an integrated luminosity
of 300 fb�1. For the EFT signal we take a point that can
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FIG. 1: The di↵erential distribution of events at an integrated
luminosity of 300 fb�1 with respect to MZh for the EFT
signal as well as the di↵erent backgrounds. For the EFT
signal we have taken the point {g

h

ZuL
, g

h

ZdL
, g

h

ZuR
, g

h

ZdR
} =

{�0.005, 0.0001,�0.010, 0.005} which is allowed by the LEP
bounds.

be excluded in our analysis but is well within the LEP
allowed region. We see that the EFT cross-section keeps
growing with energy, but much of this growth is unphysi-
cal at energies above the cut-o↵, i.e., MZh > ⇤, where ⇤
is the cut-o↵ evaluated as described below Eq. (10) and
shown by a vertical line in Fig. 1. For our analysis we
dropped all events above this cut-o↵. For MZh < ⇤, the
EFT deviations are never larger than an O(1) factor with
respect to the SM background as expected on general
grounds. Note, however, that even for MZh < ⇤, even
though the underlying anomalous couplings, gh

Zf
, are per-

mille to percent level, the fractional deviations are much
larger because of the energy growth of the BSM rate. To
make full use of the shape deviation of the EFT signal
with respect to the background, we perform a binned log
likelihood analysis assuming a 5% systematic error. The
likelihood function is taken to be the product of Poisson
distribution functions for each bin with the mean given
by the number of events expected for a given BSM point.
To account for the 5% systematic error we smear the
mean with a Gaussian distribution. To obtain the pro-
jection for the 95% CL exclusion curve we assume that
the observed number of events agrees with the SM.

Discussion

Considering only the SM-BSM interference term, we
find the per-mille level bounds,

g
h

Zp 2 [�0.004, 0.004] (300 fb�1)

g
h

Zp 2 [�0.001, 0.001] (3000 fb�1). (11)

Using Eq. (10) the above bounds can be translated to
a lower bound on the scale of new physics given by 2.4
TeV (4.4 TeV) at 300 fb�1 (3000 fb�1). One can now

(We also include in the fit pp → WZ from R. Franceschini et al., JHEP 1802 (2018) 111) 
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EFT: E↵ects suppressed by �

q

⇤

�d�4

q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
�4

(10
�6

)

�Z [GeV] 10
�4

(4 ⇥ 10
�5

)

�
0
had [nb] 5⇥10

�3
(10

�4
)

Re 0.006 (3 ⇥ 10
�4

)

Rµ 0.001 (5 ⇥ 10
�4

)

R⌧ 0.002 (10
�4

)

Rb 0.00006 (3 ⇥ 10
�4

)

Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.
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Effects  
suppressed by

S. Banerjee et al., arXiv: 1807.01796 [hep-ph]

Example: Boosted ZH: Sensitive to 1 EFT direction 

4

changes very little with energy (between 0.65 and 0.59
if
p
ŝ is varied between 1 and 2 TeV). Thus, to a good

approximation, pp ! Zh probes the single direction in
EFT space given by

g
Z

p = g
h

ZuL
� 0.76 g

h

ZdL
� 0.45 g

h

ZuR
+ 0.14 g

h

ZdR
, (7)

where we have substituted the values for g
Z

f
and eval-

uated the luminosities at the energy ŝ = (1.5 TeV)2.
This can now be written in terms of the LEP-constrained
pseudo-observables in the second and fourth row of
Tab. II,

g
h

Zp = 2 �g
h

ZuL
� 1.52 �g

h

ZdL
� 0.90 �g

h

ZuR
+ 0.28 �g

h

ZdR

�0.14 �� � 0.89 �g
Z

1

g
h

Zp = �0.14 (�� � Ŝ + Y )� 0.89 �g
Z

1 � 1.3 W (8)

where the first line applies to the general case and the
second line to the universal case.

Note that in the discussion so far we have not consid-
ered the gg ! Zh production channel at hadron collid-
ers [32–40]. While formally a higher order correction, af-
ter all the cuts are applied, this subprocess contributes an
appreciable 15% of the total SM pp ! Zh cross-section
in our analysis due to the top-threshold inducing boosted
final states [37]. We find, however, that introduction of
the EFT operators does not lead to a energy growing am-
plitude with this initial state, and thus this channel has a
subdominant contribution to the EFT signal. While we
fully include this contribution in our collider analysis, the
introduction of this channel does not alter the discussion
so far in an important way.

We now turn to the crucial issue of estimating the scale
of new physics (and thus the cut-o↵ for our EFT treat-
ment) for a given size of the couplings, gh

V f
. This will also

give us an idea of the new physics scenarios that our anal-
ysis can probe. As is clear from the operators in Tab. I,
the g

h

V f
couplings arise from current-current operators

that can be generated, for instance, by integrating out
at tree-level a heavy SU(2)L triplet (singlet) vector W 0a

(Z 0) that couples to SM fermion currents, f̄�a
�µf (f̄�µf)

with a coupling gf and to the Higgs current iH†
�
a
$
DµH

(iH†
$
DµH) with a coupling gH ,

g
h

Zf
⇠

gHggfv
2

⇤2
, (9)

where ⇤ is the mass of the vector and therefore the
matching scale or cut-o↵ of the low energy EFT. The
coupling to the SM fermions can be universal if the heavy
vector couples to them only via kinetic mixing with the
SM gauge bosons. This results in a coupling of the heavy
vector to the SU(2)L and hypercharge currents given by
gW = g/2 and gB = g

0
Yf , Yf being the SM hypercharge.

As we want our results to be applicable to the universal

case, we assume the coupling gf to be given by a combi-
nation of gB and gW to obtain,

g
h

ZuL,dL
⇠

gHg
2
v
2

2⇤2
,

g
h

ZuR,dR
⇠

gHgg
0
YuR,dRv

2

⇤2
,

(10)

and then further assume a weakly coupled scenario with
gH = 1 (note that this is a bit larger than the correspond-
ing value gH = g/(2c✓W ) for the SM hZZ coupling). In
the above equation, we have ignored the smaller contribu-
tions from gB to the left-handed couplings. For any set of
couplings {gh

ZuL
, g

h

ZdL
, g

h

ZuR
, g

h

ZdR
}, we evaluate the cut-

o↵ using Eq. (10) with gH = 1 and take the smallest
of the four values. It is clear that for strongly coupled
scenarios with larger values of gH , the cut-o↵ assumed
in our analysis is smaller than necessary and thus our
projected bounds will be conservative.

Analysis

In order to probe the reach of the high luminosity runs
of the LHC in constraining the EFT directions in Tab. II,
we optimize a hadron-level analysis to obtain maximum
sensitivity to the BSM signal, which is well-pronounced
in the high energy bins. To achieve this, we consider the
Z(`+`�)h production from a pair of quarks as well as
from a pair of gluons. As far as the decay of the Higgs
boson is concerned, we find that at an integrated lumi-
nosity of 300 fb�1, the diphoton mode yields less than 5
events at high energies (pT,Z > 150 GeV) and is thus not
sensitive to the e↵ects we want to probe. We thus scru-
tinize the h(bb̄)Z(`+`�) final state where the dominant
backgrounds are composed of Zbb̄ and the irreducible SM
production of Zh. For the Zbb̄ process, we consider the
tree-level production as well as the gg ! ZZ production
at one-loop. Reducible contributions arise from Z+ jets
production (c-quarks included but not explicitly tagged),
where the light jets can be misidentified as b-jets, and
the fully leptonic decay for tt̄. Instead of performing
a standard resolved analysis, where one would demand
two separate b-tagged jets, we demand a fat jet with a
cone radius of R = 1.2. We employ the so-called BDRS
approach [15] with minor modifications to maximize sen-
sitivity. In a nutshell, this technique helps in discrim-
inating boosted electroweak-scale resonances from large
QCD backgrounds.

We will see that using this approach will allow us to
reduce the ratio of Zbb to SM Zh events from about 40
to an O(1) number with about 40 SM events still sur-
viving at 300 fb�1. This shows that the kind of analysis
performed here would not be possible at integrated lumi-
nosities smaller than 300 fb�1.

The BDRS approach recombines jets using the
Cambridge-Aachen (CA) algorithm [41, 42] with a signif-

hZqq    ↔  Zqq   
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CHAPTER 8

Figure 8.7: One-sigma precision reach of the combinaison FCC-ee/eh/hh on the 12 effective single
Higgs couplings and aTGC from the global fit to EW and Higgs observables, compared with the results
presented in Section 8.4 assuming perfect EW measurements.

for the first family of quarks. Via the constraints from other EW observables, the stronger limits in the
couplings for d quarks then also translates into tighter bounds for the strange quark ones.
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Figure 8.8: Sensitivity, at 1-� level, to deviations on the neutral current couplings resulting from a global
EFT fit at the dimension-6 level to electroweak, Higgs and diboson measurements at FCC.

To conclude, we summarize the results presented in this chapter in Table 8.2. There we compare
the reach on the different couplings that would be possible by the end of the LHC era, with the measure-
ments that would be possible at the FCC, after combining the physics programs of all its components: the
FCC-ee, FCC-eh and FCC-hh. The improvement of one order of magnitude –is some cases even more–
in almost all of the parameters arises after exploiting the strengths of each type of collider (unparalleled
precision in low-energy measurements at the FCC-ee, access to very energies and the high-luminosity at
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Figure 8.7: One-sigma precision reach of the combinaison FCC-ee/eh/hh on the 12 effective single
Higgs couplings and aTGC from the global fit to EW and Higgs observables, compared with the results
presented in Section 8.4 assuming perfect EW measurements.

for the first family of quarks. Via the constraints from other EW observables, the stronger limits in the
couplings for d quarks then also translates into tighter bounds for the strange quark ones.

Figure 8.8: Sensitivity, at 1-� level, to deviations on the neutral current couplings resulting from a global
EFT fit at the dimension-6 level to electroweak, Higgs and diboson measurements at FCC.
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108
DRAFT - NOT FOR DISTRIBUTION

Finite precision of FCC-ee Ztt only slightly reduces sensitivity to Htt

Jorge de Blas 
INFN - University of Padova

11th FCC-ee workshop: Theory and Experiments 
CERN, Jan 9, 2019

The Global EW/Higgs fit at FCC

Sensitivity to NP in effective couplings in the SMEFT framework



• Current data (LEP/LHC) sensitive to NP in EW (Higgs)  ≾1% (~10%) 

• FCC can largely improve our knowledge of the EW/Higgs sectors. As 
with current data, no single machine can do all the work…  

• Apart from a strong EW/Higgs program, FCC-ee is also fundamental 
to maximize the physics output of the FCC-eh/hh 

Jorge de Blas 
INFN - University of Padova

11th FCC-ee workshop: Theory and Experiments 
CERN, Jan 9, 2019

Summary

FCC-hh
Z-pole: EW precision 

WW threshold: EW 

Higgs: General 

Ztt: EW Top couplings

Higgs: Rare decays

Higgs: Top coupling

Higgs: Self-coupling

High q2

EW bosons Higgs properties

Higgs: General 

EWPO: first quark families

PDFs

FCC-ee FCC-eh
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• EWPO sensitive to modifications of NC couplings 
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Flavor non-universal contributions

Flavor-universal contributions

Indirect effect associated to modifications in μ 
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• EWPO sensitive to modifications of CC couplings (Ignoring CKM) 

• W mass: 

Flavor non-universal contributions

Flavor-universal contributions
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ū

i

L
u

i

R
h + g

ii

hdd
d̄

i

L
d

i

R
h + h.c. (9)

ghff = �
mf

v

⇣
1 +

h
(C�⇤ �

1
4
C�D) � vp

2mf
Cf� �

1
2
�GF

i
v
2

⇤2

⌘
(10)

Lh3= ghhhh
3 (11)

ghhh = �
M

2
h

2v

⇣
1 +

h
3(C�⇤ �

1
4
C�D) � 2 v

2

M
2
h
C� �

1
2
�GF

i
v
2

⇤2

⌘
(12)

2 EFT

E↵ects of EFT interactions suppressed by

 1 2 !  3 4

q
2
⌧ M

2
V

2

LCC = �
ep
2s

�
1 + �

U
gCC

�
W

+
µ

h⇣
�ij +

�
�
D
UL

�
ij

⌘
⌫
i

L
�
µ
e
j

L
+

�
�
D
VR

�
ij
u
i

R
�
µ
d
j

R
+

⇣
�ij +

�
�
D
VL

�
ij

⌘
u
i

L
�
µ
d
j

L

i
+ h.c.

(6)

Ignoring CKM e↵ects
Vij ⇠ �ij

�
D
UL =C

(3)
�l

v
2

⇤2 ,

�
D
VL =C

(3)
�q

v
2

⇤2 , �
D
VR = 1

2
C�ud

v
2

⇤2 .
(7)

�
U
gCC =

h
sc

s2�c2
C�WB �

c
2

2(c2�s2)

⇣
�GF + C�D

2

⌘i
v
2

⇤2 . (8)

1.2 Higgs couplings

LhV V = ghggG
A

µ⌫
G

Aµ⌫
h + g

(1)
hWW

W
µ⌫
W

†
µ⌫
h +

⇣
g
(2)
hWW

W
+⌫
@

µ
W

†
µ⌫
h + h.c.

⌘
+ g

(3)
hWW

W
+
µ
W

�µ
h

+g
(1)
hZZ

Zµ⌫Z
µ⌫
h + g

(2)
hZZ

Z⌫@µZ
µ⌫
h + g

(3)
hZZ

ZµZ
µ
h

+g
(1)
hZA

Zµ⌫F
µ⌫
h + g

(2)
hZA

Z⌫@µF
µ⌫
h + ghAAFµ⌫F

µ⌫
h

Lhff= g
ii

hee
ē
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Higgs self-interactions

Plus ALL operators entering in EWPO modify EW Higgs production or decay 
 ⇒ Need Global EW+Higgs fit
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Higgs couplings in the SMEFT



• Operators entering in anomalous Triple gauge couplings 

3 Anomalous triple gauge bosons
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2 Couplings in EFT

2.1 Operators
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Only one more operator  

Help to constrain anomalous Higgs boson coupling to vector bosons

Current EWPO+Higgs signal strengths+aTGC fit sensitive to  
19 combinations of EFT operators 
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Status of the Global Electroweak and Higgs fit: Constraints on the SMEFT
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Sensitivity to NP in effective couplings in the SMEFT framework
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The Global EW and Higgs fit


