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• FCC-CDR: First study of the FCC capabilities to constraint the EW/Higgs 
sector in a global manner, taking advantage of the complementarities 
between the different FCC collider options (ee/eh/hh)


• In this presentation:


• Summary of the status of the Global EW/Higgs studies in the CDR with 
emphasis in the contribution from FCC-ee


• A few aspects of current studies that could be improved? Limitations?


• A couple of topics that did not make it to CDR but could be added


• Disclaimer: No new results in this talk. Only discussion of issues and WiP.


• Physics perspective in this talk presented from the point of view of the 
formalism of Effective Field Theories (EFT)




• The dimension 6 SMEFT: 

• LO new physics effects “start” at dimension 6:  

• SMEFT describes correlations of new physics effects in different 
types of observables, e.g. 
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Λ: Cut-off of the EFT
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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

59 operators  
(2499 counting flavor) W. Buchmüller, D. Wyler, Nucl. Phys. B268 (1986) 621

C. Arzt, M.B. Einhorn, J. Wudka, Nucl. Phys. B433 (1995) 41 
B.Grzadkowski, M.Iskrynski, M.Misiak, J.Rosiek, JHEP 1010 (2010) 085 1st complete basis, aka Warsaw basis
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The dimension 6 SMEFT
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Power counting: EFT expansion in canonical dim. of operators
Particles and symmetries of the low-energy theory: SM
Assumes new physics is heavy + decoupling

O�WB = �†�a�B
µ⌫W a

µ⌫

v2Bµ⌫W 3
µ⌫

Modifies neutral gauge 

boson self-energies

EWPT/Diboson

EWSB

(dim 4)

vhBµ⌫W 3
µ⌫ h ! ZZ, �� Higgs phys.

(dim 5)

⇒ Use global EW/Higgs fits to estimate sensitivity to NP effects

FCC-ee Physics Meeting 
March 25, 2019



• Assumptions in Higgs/Diboson/EWPO EFT studies:                            
CP-even, 4-fermion/dipole better tested in other processes 

Jorge de Blas 
INFN - University of Padova

The dimension 6 SMEFT

List of operators and their effects (e.g. in Warsaw basis)

�4
FCC-ee Physics Meeting 
March 25, 2019

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
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Enters only in 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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• EWPO: very precise measurements of W and Z boson properties


• The core of the EWPO program at FCC comes from FCC-ee… 
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• Current knowledge dates back to the LEP era…


• …but also receives inputs from Tevatron/LHC


• Crucial in the confirmation of the validity of the SM 
descriptions of EW interactions…


• …in guiding Higgs and Top searches…


• … and setting strong constraints on new physics 
modifying the EW sector, e.g.


The SM EW fit

Electroweak precision constraints at present and future colliders Jorge de Blas
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Figure 2: (Left) 68%, 95%, and 99% probability contours for the dg
b

V
, dg

b

A
couplings. (Center) 68%

and 95% probability contours for dg
b

R
, dg

b

L
, together with the constraints from R

0
b
, A

0
FB

and Ab. (Right)
Expected sensitivities to dg

b

R
, dg

b

L
at future colliders. Different shades of the same colour correspond to

results including or neglecting the future theoretical uncertainties.

Result Correlation Matrix

dg
b

R
0.016±0.006 1.00

dg
b

L
0.002±0.001 0.90 1.00

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

Result Correlation Matrix

dg
b

V
0.018±0.007 1.00

dg
b

A
�0.013±0.005 �0.98 1.00

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

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

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

4
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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. 
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Observable Expected uncertainty (Relative uncertainty)

MW [GeV] 6.5⇥ 10
�4

(8 ⇥ 10
�6

)

�W [GeV] 1.59⇥ 10
�3

(8 ⇥ 10
�4

)

Rinv 0.002 (3 ⇥ 10
�4

)

Table 3: Expected sensitivities on EWPO measured at the WW threshold.

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.
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Table 2: Expected sensitivities of Z-pole left-right asymmetry parameters.
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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

Theory uncertainties (missing H.O. corrections): 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
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Eff. couplings in the SMEFT
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• Global fit to electroweak precision measurements at FCC-ee/eh 

Jorge de Blas 
INFN - University of Padova

The Global EW fit at FCC-ee/eh

�12

Independent info about all 3 SM fermion families
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1-σ sensitivity to deviations in NC couplings from SMEFT fit: No flavour universality assumed

FCC-ee Physics Meeting 
March 25, 2019



• Parametric uncertainties: 

Jorge de Blas 
INFN - University of Padova

Beyond the CDR studies

�13
FCC-ee Physics Meeting 
March 25, 2019

A few questions

Even if theory calculation improve such that higher order contributions  
are negligible wrt FCC-ee precision, parametric uncertainties will remain

Jorge de Blas 
INFN - University of Padova

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

Fit inputs: Theory and Experiment
Electroweak Precision measurements at FCC-ee

�10

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. 
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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:
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�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 19: 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.
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Table 20:

16

Even with future improvements 
SM par. + th. unc. ≳ exp. errors 

Jorge de Blas 
INFN -University of Padova 

1st FCC Physics Workshop 
CERN January 17, 2017  

EWPO at Future colliders: SM uncertainties

0.6

Statistically limited  
How low can we go? 

(More time running off-pole, 4IP?) 

αQED still limiting factor but



• Determination of Z couplings to light quarks relies on FCC-eh 

• 4-Fermion effects suppressed at the Z-pole  

Jorge de Blas 
INFN - University of Padova

Beyond the CDR studies

�14
FCC-ee Physics Meeting 
March 25, 2019

A few questions

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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Precise determination (~1%) but not 
model-independent
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1

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

Four-fermion interactions

q

q

ℓ

ℓ

φ

ψ

✓p

φ

ψ

+

φ

ψ

✚✚A φ

ψ

Operator 95% C.L. EW limits
(

lLγµlL
)

(qLγµqL) [−0.011, 0.057]
(

lLγµσI lL
)

(qLγµσIqL) [−0.006, 0.013]
(eRγµeR) (uRγµuR) [−0.113, 0.007]
(eRγµeR)

(

dRγµdR
)

[−0.074, 0.048]
(

lLuR

)

(uRlL) [−0.185, 0.092]
(

lLdR
) (

dRlL
)

[−0.222, 0.035]
(qLeR) (eRqL) [−0.018, 0.115]

Operator 95% C.L. EW limit
Global Fit Excl. MH meas.

(

φ†Dµφ
)

((Dµφ)† φ) (∼ T ) [−0.023, 0.006] [−0.105, 0.027]
φ†σaφ W a
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Model-independent bounds
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Sensitive to 4-Fermion  
contact interactions (CI)

What is the FCC-ee Z-pole run potential to measure light quark interactions?



• Determination of Z couplings to light quarks relies on FCC-eh 

• 4-Fermion effects suppressed at the Z-pole  
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A few questions

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

Precise determination (~1%) but not 
model-independent
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95 % C.L. limits on (some) dimension-six interactions
F. del Águila, J.B., Fortsch. Phys. 59 (2011) 1036-1040 (arXiv:1105.6103 [hep-ph])

Four-fermion interactions
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Sensitive, e.g. to 4-Fermion  
contact interactions (CI)

What is the FCC-ee Z-pole run potential to measure light quark interactions?

Old LEP studies of light flavours (u,d,s) studies relied either on 
SM assumptions (DELPHI) or partial flavour universality constraints (OPAL) 

FCC-ee checks on light flavour couplings could strengthen the  
model-independence of FCC-eh results and robustness of Global FCC EW fit 

OPAL [256] has also measured light quark asymmetries, using the full 1990-1995 data-
set, and high-momentum stable particles as a tag for light flavour events. Their approach is
quite different from that of DELPHI, aiming for the minimum model dependence. The tag
method uses the fact that the leading particle in a jet tends to carry the quantum numbers of
the primary quark, and that the decay of c- and b-hadrons does not usually yield very high
momentum stable particles. Identified π±, K±, p(p), K0

S or Λ(Λ) hadrons with momentum, ph,
satisfying 2ph/

√
s > 0.5 are selected. Charged protons, pions and kaons are identified from the

dE/dx measured in the OPAL jet chamber, while K0
S and Λ(Λ) are selected by reconstructing

their decay vertex and mass cuts. Only events where the polar angle of the thrust axis satisfies
| cos θ| < 0.8 are considered, and after all selection cuts about 110 thousand tagged hemispheres
are retained out of 4.3 million events. The purities range from 89.5% for pions to 59% for
protons.

With the 5 different tags, the analysis uses a system of 5 single and 15 double tag equations to
derive the light flavour composition of the tagged hemispheres directly from data (see Section 5
for a description of the double tag method). The unknowns are the 15 ηh

q , the fractions of
hemispheres of flavour q tagged by hadron h, and the three light flavour partial widths Rq,
plus one hemisphere correlation coefficient which is assumed to be the same for all tagging
hadrons and flavours. The small heavy quark fractions are measured from data from a b-tagged
sample for b-quarks, and from Monte Carlo simulation using measured uncertainties on their
properties for c-quark events. To solve the system of equations, it is then also assumed that
Rd = Rs ≡ Rd,s, and that a few hadronisation symmetries are valid, for example ηπ±

d = ηπ±

u . In
order to measure the forward-backward asymmetry, the charge tagging probabilities are also
measured from the double tagged events, and it is assumed that A0, d

FB = A0, s
FB ≡ A0, d,s

FB .
The OPAL results are

A0, d,s
FB = 0.072 ± 0.035 ± 0.011 − 0.0119(A0, c

FB − 0.0722)/0.0722 , (F.2)

A0, u
FB = 0.044 ± 0.067 ± 0.018 − 0.0334(A0, c

FB − 0.0722)/0.0722 . (F.3)

The correlation between the two results is +91%. The correlation is positive because although
the quark asymmetries have the same sign, the up and down-type quarks have opposite charge.
The asymmetry for a given tag particle is therefore of opposite sign if the leading particle
includes an up-type quark compared to a down-type quark. These pole asymmetries include

corrections of +0.004 which have been applied to the measured Ass,dd
FB and Auu

FB to account
for QCD and ISR effects. The dependence on the c-quark forward-backward asymmetry has
been quoted explicitly, and the results have negligible dependence on other SM parameters.
Correlated systematic uncertainties with other measurements are also very small.

SLD have published a measurement of the strange quark coupling parameter, As, from the
left-right forward-backward asymmetry of events tagged by the presence in each hemisphere
of a high momentum K± or K0

S [257]. The measurement uses the full sample of 550,000 Z
decays recorded in 1993–1998. Charged kaons with momentum above 9 GeV are identified
by the Cherenkov Ring Imaging Detector (CRID), with efficiency (purity) of 48% (91.5%).
Neutral kaons with momentum above 5 GeV are reconstructed from the decay K0

S → π+π−

with an efficiency (purity) of 24% (90.7%). Background from kaons from heavy flavour events
is suppressed by identifying B and D decay vertices. Requiring a strange tag in both hemispheres
further suppresses the uu+dd events. The thrust axis is used to estimate the s-quark production
angle, with the charge identified from a K± in one hemisphere, which must be opposite to
either a K∓ or a K0

S. For the two tagging cases, 1290 and 1580 events are selected, with ss
purities of 73% and 60% respectively. The corresponding analysing powers are 0.95 and 0.70,

272

2019->FCC-ee time : Can these assumptions be removed?

F.2 Partial Width Measurements

The OPAL analysis described above [256], using 1990-1995 data, and high-momentum stable
particles as a light-flavour tag, also gives measurements of the ratios:

Ru

Rd + Ru + Rs
= 1 −

2Rd,s

Rd + Ru + Rs
= 0.258 ± 0.031 ± 0.032 , (F.5)

where Rd,s = Rd = Rs.
In addition, DELPHI [258], L3 [259] and OPAL [260] have used the rate of hadronic events

with identified direct photons, interpreted as final-state radiation from quarks, to access effective
couplings defined as:

cu = 4 (g2
Vu + g2

Au + g2
Vc + g2

Ac)/2 (F.6)

cd = 4 (g2
Vd + g2

Ad + g2
Vs + g2

As + g2
Vb + g2

Ab)/3 , (F.7)

which are proportional to the up-type or down-type partial widths. The measured quantity is
the partial width of hadronic events with an isolated photon, which is given by

Γ(Z → γ + jets)(ycut) =
h

9

α

2π
F (ycut)Sqqγ , (F.8)

where h = 3GFm3
Z/24π

√
2, F (ycut) expresses the theoretical matrix element calculation for the

rate of qqγ events as a function of the jet resolution parameter ycut, and Sqqγ is a function
of the effective couplings. The matrix elements are known to O(ααS). The values of αS used
to evaluate the matrix elements and their uncertainty partly reflect the lack of a higher order
calculation. (see for example [261]). The couplings contribute as:

Sqqγ = 8cu + (3 − ϵ)cd . (F.9)

This reflects the relative strengths of the up and down-type quark couplings to the photon.
The quantity ϵ takes into account the b-quark mass, and is also expected to depend on the jet
resolution as discussed below. The analyses combine this with the total hadronic width of the
Z, which can be expressed as

Γhad = h

[

1 +
αS

π
+ 1.41

(
αS

π

)2

− 12.8
(
αS

π

)3
]

Sqq , (F.10)

and

Sqq = 2cu + 3cd . (F.11)

In this case the QCD correction is known to third order in αS. The Equations F.9 and F.11
can be solved to give the effective couplings, cu and cd. In this paper we find a LEP combined
value for Sqqγ and use this in the following section with all the other Z lineshape information to
investigate quark couplings. Although ALEPH have also investigated prompt photon produc-
tion [262], the collaboration chose not to interpret these QCD studies in terms of electroweak
couplings.

Experimentally, the photon is identified in hadronic events as an isolated calorimeter clus-
ter, with no associated track. DELPHI and OPAL use shower shape variables to reduce the
background from light neutral meson decays such as π0 → γγ. The other dominant background
is from initial-state radiation. This is reduced by restricting the analysis to the central region
of the detector. The event samples and the photon selection criteria are outlined in Table F.1.
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• CDR EWPO studies focus mostly on ff production around the Z pole  

• Complementarity: Data off the pole sensitive to physics suppressed at 
the Z-pole because of the resonance, e.g. extra vector bosons (Z’) 

• What is the sensitivity of FCC-ee data to CI at WW, ZH, tt threshold? 

• HL-LHC will probably outperform FCC-ee for (some) Lepton-Quark CI 
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�16
FCC-ee Physics Meeting 
March 25, 2019

Difermion production (e+e-→ff) above the Z pole

But testing 4-Lepton interactions is for Lepton colliders

Our task in this section is to perform the integration explicitly, starting with the
theory Eq. (1), write the result in the operator basis of Appendix A, and obtain the
coefficients of each operator in the case that the new particles are vector bosons. These
coefficients will depend on the masses MV and the couplings gkV . The integration of
general extra leptons and general extra quarks has been performed in [23] and [24],
respectively.

At the classical level, the integration can be carried out by computing the tree-
level Feynman diagrams in Fig. 1 and matching to the corresponding amplitudes in
the effective theory. Equivalently, we can solve the classical equations of motion for

ψ2

ψ1

V µ

ψ4

ψ3

(a)

W a
µ , Bµ

Φ†

φ

V µ

Φ†

φ

W a
µ , Bµ

(b)

ψ2

ψ1

V µ

Φ†

φ

W a
µ , Bµ

(c)

Figure 1: Feynman diagrams relevant for the dimension-six effective Lagrangian.

the heavy vectors and substitute the solutions into the Lagrangian. Proceeding in this
algebraic manner, we readily find from LV + LV−SM the on-shell vector fields

Vµ =
1

p2 −M2
V

[

pµpν
M2

V

− ηµν

]

(

JV ν +O(V ν)
)

. (10)

The O(Vµ) terms arise from the “nonlinear” terms in LV−SM. The next step is to
expand this equation in powers of p2/M2

V and solve for Vµ. At the leading order we
simply have

Vµ =
1

M2
V

JV
µ +O

(

1

M4
V

)

, (11)

where the order 1/M4
V terms follow from both the O(Vµ) terms in (10) and the higher-

order terms in the inverse propagator expansion. Then, we substitute Eq. (11) into the
Lagrangian L and find

Leff = LSM −
ηV
2M2

V

(JV
µ )

†JV µ +O

(

1

M4
V

)

(12)

9

Z-Z’ mixing effects
Modified Z interactions  

⇒ Z-pole

Z’ exchange ⇒ 4 Fermion CI
Better away from Z-pole 

(and better at high E)

32] 7. The mixing is fixed in some models [35] but can vary continuously in others. We
leave it as a free parameter. We give limits from three data sets: i) EWPD excluding
LEP 2 cross sections and asymmetries; ii) LEP 2 cross sections and asymmetries8; iii)
all data. Our results for the first data set agree with the ones in the recent update [34],
except for some differences in the limits for the mixing, which arise from our inclusion
of Tevatron Higgs searches in the fit.

For most models, EWPD without LEP 2 are sufficient to constrain significantly
both the mixing and the mass of the new vectors. The two exceptions are the ψ and
R models, for which LEP 2 data are decisive to raise the limit on the mass. The
correlations between the mixing and mass in these two models are illustrated in Fig. 4.
For the ψ model, this behaviour can be inferred from Fig. 2, observing that the leptonic
couplings are axial and lie along one diagonal of the plots in that figure.

1

2

3

4

5

6

-0.004 -0.002 0 0.002 0.004

M
Z

′ R
[T
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]

sin θZZ′
R

Z ′
R

1
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3

4

5

6

-0.004 -0.002 0 0.002 0.004

M
Z

′ ψ
[T
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]

sin θZZ′
ψ

Z ′
ψ

Figure 4: 95% C.L. contour in the MZ′ - sin θZZ′ plane for the Z ′
R model (left) and Z ′

ψ

(right). The different contours correspond to the fit to EWPD without LEP 2 cross
sections and asymmetries (solid line), to LEP 2 cross sections and asymmetries (dashed
line), and to all data (solid region).

4.2 Left-handed triplet: W
This SU(2)L triplet decomposes after electroweak breaking into a neutral vector boson
and a charge ±1 complex vector boson. This representation appears, for instance, in

7Leptophobic neutral gauge bosons derived, for example, from E6 [33] are not constrained by
EWPD, except for their possible mixing with the Z boson. If their coupling to the Higgs is nonvan-
ishing, the Z-pole data can provide lower limits on MZ′

L̸
around 1 TeV [34].

8Unlike [36], where the Z-Z ′ mixing is fixed to zero, we let sin θZZ′ vary in the fit to LEP 2 data.
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• As in the light quark case, the extraction of the EW Top couplings is 
also not completely model-independent: 

Jorge de Blas 
INFN - University of Padova

Beyond the CDR studies

�17
FCC-ee Physics Meeting 
March 25, 2019

Four-fermion interactions at tt threshold
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FIG. 4. (Modified from Ref. [3]). Statistical uncertainties on CP-conserving top-quark form factors

expected at the ILC (blue) and the LHC (red). The figure was modified to include the projections

from the FCC-ee. The results for the LHC assume an integrated luminosity of 300 fb�1 and a centre-

of-mass energy of 14TeV. The results for the ILC assume an integrated luminosity of 500 fb�1 at
p
s = 500GeV, and beam polarizations of P = ±0.8, P 0 = ⌥0.3. The ILC projections are obtained

from the measurements of the total top-quark pair production cross section, together with the

top-quark forward-backward asymmetry. The FCC-ee projections are obtained at
p
s = 365GeV,

with unpolarized beams and with an integrated luminosity of 2.4 ab�1, from the sole lepton angular

and energy distributions.

factor uncertainties were determined for any value of the assumed cross-section theoretical

error. The result is displayed in Fig. 5 for a theoretical error between 0.01% and 100%.

The uncertainties on the first four form factors stay below a few per mil if the total cross

section can be predicted with a precision of 2% or better. The uncertainty on FZ
1A remains

essentially una↵ected as long as the theoretical precision on the cross section is below 10%.

13

Discussion

The above results are obtained under the assumption that the gauge-invariance-violating

form factor (F �
1A) and the CP-violating form factors (F �,Z

2A ) vanish, to allow for a one-to-

one and straightforward comparison with Ref. [3]. From an experimental point-of-view,

however, there is no a-priori reason why these form factors could not be extracted from

the measurements of the lepton angular and energy distributions. The present study is

therefore extended, with 2.4 ab�1 at
p
s = 365GeV, to the following two configurations by

relaxing the constraints on F �
1A, F

�
2A and FZ

2A: either the four form factors FX
1V,A are varied

simultaneously while the four FX
2V,A are fixed to their standard model values, or vice-versa.

In the first configuration, it turns out that relaxing the constraint on F �
1A does not sizeably

change the precision on the other three FX
1V,A form factors, as shown in Table I. A per-cent

accuracy is also obtained on F �
1A.

TABLE I. Precision on the four FX
1V,A expected with 2.4 ab�1 at

p
s = 365GeV at the FCC-ee,

if F �
1A is fixed to its standard model value (first row) or if this constraint is relaxed (second raw).

The precisions expected with 500 fb�1 at
p
s = 500GeV are indicated in the third row.

Precision on F �
1V FZ

1V F �
1A FZ

1A

Only three FX
1V,A 1.2 10�3 2.9 10�3 0.0 10�2 2.2 10�2

All four FX
1V,A 1.2 10�3 3.0 10�3 1.3 10�2 2.4 10�2

p
s = 500GeV 5.5 10�3 1.5 10�2 1.0 10�2 2.2 10�2

The situation with the FX
2V,A form factors in the second configuration is even clearer.

Indeed, the distributions related to F �
2A and FZ

2A form factors are CP odd, while those

related to F �
2V and FZ

2V are CP even. With vanishing correlation coe�cients, the two pairs

of form factors can therefore be determined independently from each other. The precisions

on F �
2V and FZ

2V , expected with 2.4 fb�1 at
p
s = 365GeV at the FCC-ee, are thus unchanged

with respect to Fig. 4 when the constraint on F �
2A and FZ

2A is relaxed, and amount to 8.1 10�4

and 2.3 10�3 respectively. With 500 fb�1 at
p
s = 500GeV, the precisions would be 2.5 10�3

and 8.3 10�3 respectively, as also shown in Fig. 3.

The accuracy of the CP-violating form factors with the sole lepton angle and energy

distributions is moderately constraining (1.4 10�1 on F �
2A and 8.2 10�1 on FZ

2A) because of

the important correlation between the two distributions f�
D and fZ

D , well visible in Fig. 1. A
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P. Janot, JHEP 1504 (2015) 182

Using only one energy one  
cannot disentangle contributions  

to Ztt from those to e+e- t t CI

BSM: generated at 1 Loop

(Functions of q2)

FCC-ee runs at 2 energies very close to each other:  
350 GeV (0.2/ab) and 365 GeV (1.5/ab)  

⇒ limitation for model-independent extraction?
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• Measuring the Higgs couplings is an integral part of the physics 
program of the LHC/HL-LHC: 

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

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

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

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

Lfit = 2cV

⇣
m2

W W+
µ W�µ

+
1
2m2

ZZµZµ
⌘ h

v
�

X

 

c m  ̄ 
h

v

+
e2

16⇡2 c�Fµ⌫F
µ⌫ h

v
+

e2

16⇡2 cZ�Zµ⌫F
µ⌫ h

v
+

g2
s

16⇡2 cgtr
⇥
Gµ⌫G

µ⌫⇤h
v
,

(8)

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

cSM
i =

(
1 for i = V, t, b, c, ⌧, µ

0 for i = g, �, Z�.
(9)

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

Allows to normalize H couplings (no ratios)

(See. P. Janot’s talk) 
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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

We studied the impact of these uncertainties on the FCC-ee 
projections in Volume 2

Projections from Heinemeyer et al.
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• Fit to Higgs precision measurements at FCC-ee 
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aTGC

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
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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.
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A refined TGC analysis using Optimal Observables

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

angles.
! Correlations among angles are ignored.

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

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

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

! dσ
dΩ = dσ

dΩ |aJ +
∑

i

S(Ω)i gi. The optimal observables

are simply the S(Ω)i.

! Very idealized! How well can we actually do?
! Assume ∆bvb ≈ ∆bi�i ?
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− → W

+
W

− event.

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

∗
h

(cos θ
∗
l
) and φ

∗
h

(φ∗
l
).

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

(cos θ
∗
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∗
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+ π), (5.16)

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

Z

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

5.4.4 Simultaneous Fit

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

∗
l

and φ
∗
l
, together with cos θW . This
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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.
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angular observables. With all four decay angles, in addition to the cos θW observable,
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2

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

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

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

+
W

�

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

2

WW
(�g1,z, �� , �z).

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

2

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

constraints on aTGCs. Indeed, combining the likelihoods
�
2

comb.
= �

2

h
+ �

2

WW
we obtain strong constraints on the

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

LEP-2 (WW)
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LEP-2 + Higgs
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FIG. 1. Allowed 68% and 95% CL region in the �g1,z-��

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

correlation matrix for the aTGCs:
0

@
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��

�z

1

A =

0

@
0.043± 0.031
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1

A ,
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0
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1
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(3)

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

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

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

⇤
! We⌫) [5], as in Ref. [7]. That

process probes mostly �� but it also a↵ects limits on

SMEFT: aTGC δg1Z and δκγ receive
contributions from the same 

interactions entering in hVV couplings 

⇒ WW measurements relevant 
for Global Higgs fit

A. Falkowski et al., PRL 116 (2016) 011801
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Already below 1% after FCC-ee  
(+ Normalization for HL-LHC, FCC-eh/hh results)

After FCC-ee/eh/hh: most couplings to be known with a precision below 1%

1-σ sensitivity to NP in effective couplings                                  in the SMEFT framework
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After FCC-ee/eh/hh: most couplings to be known with a precision below 1%

1-σ sensitivity to NP in effective couplings                                  in the SMEFT framework
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Htt at FCC-hh: normalization also provided by FCC-ee (Ztt)
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FCC-ee determination of H3 better than HL-LHC

After FCC-ee/eh/hh: most couplings to be known with a precision below 1%

1-σ 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

�29

M. McCullough, PRD90 (2014) no.1, 015001
S. Di Vita et al., JHEP 1802 (2018) 178

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

120
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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 HL-LHC (~50%)
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(                                 4 IPs)
Patrick Janot 

The	trilinear	Higgs	self-coupling	κλ	[2]		
q  The	cross	section	depends	on	other	couplings	(HZZ,	HHZZ,	at	least)	

◆  …	and	of	the	overall	model	structure,	which	might	differ	from	SM	structure	
●  e.g.,	additional	eeZH	coupling,	or	e+e-	→	A	→	HZ	graphs	

q  Two	energy	points	lift	off	the	degeneracy	between	HZZ	and	HHH	

q  Additional	couplings	addressed	by	a	global	EFT	fit				(J.	De	Blas’	presentation)	
◆  All	FCC-ee	Higgs	measurements	are	important	in	this	fit	
◆  Most	FCC-ee	EW	precision	measurements	are	equally	important					(R.	Tenchini’s	talk)	

●  To	fix	extra	parameters	that	would	otherwise	enter	the	fit	and	open	flat	directions	

6 March 2019 
Physics at FCC : CDR Symposium 
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After FCC-ee/eh/hh: most couplings to be known with a precision below 1%

1-σ sensitivity to NP in effective couplings                                  in the SMEFT framework
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• Fit to Higgs precision measurements at FCC: 

Jorge de Blas 
INFN - University of Padova

The Global Higgs fit at FCC
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Latest HL-LHC HH studies
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FCC-hh determination of H3 depends on Htt (hence Ztt)

Toy fit neglecting FCCee measurements  
and using simple HH inclusive observable

Precise determination  
of operators modifying  
Htt interactions needed
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• In previous Higgs results we assumed perfect EW measurements, e.g. 

• Also misses impact of finite precision of Ztt in σ(ttH)/σ(ttZ) 

• A robust analysis of Higgs couplings requires to add finite precision 
for all those interactions ⇒ Global EW + Higgs fit 

• FCC-ee EWPO ≈ perfect EW measurements  from the point of view of 
Higgs measurements  

Z

Z

h Z Zh
h

A

Figure 1: Diagrams contributing to the cross section for e+e� ! Zh in the EFT description

of Higgs couplings. The second and third diagrams are not present in the Standard Model.

They arise from the dimension-6 operators in the EFT.

The presence of the hZZ coupling proportional to ⇣Z , ruins this strategy. We
see from (2) that the numerator and denominator of (5) have completely di↵erent
dependence on ⇣Z , even with a di↵erent sign. To overcome this problem, we need a
separate method to determine the size of the ⇣Z terms. We will discuss this in the
next section.

3 Elements of a fit for ⌘Z and ⇣Z

There are a number of possible methods to determine the size of the ⇣ parame-
ters. In this section, we will highlight one particularly powerful method, which is to
make use of the angular distribution and polarization asymmetries of the the reaction
e
+
e
�
! Zh. These observables have not previously been applied to Higgs coupling

analysis.

The contributions to the e
+
e
�
! Zh cross section from the the ⌘Z and ⇣Z terms

can be distinguished by their e↵ects on these angular distributions and asymmetries.
The ⌘Z terms lead to enhanced amplitudes for longitudinal Z polarization and to pro-
duction at smaller values of | cos ✓|, while the ⇣Z terms lead to equal production of the
three Z polarization states at higher values of |cos✓|. At 250 GeV, this is a relatively
small e↵ect, proportional to (E2

Z
/m

2
Z
� 1) = 0.47, but it becomes larger at higher

energy. Second, the contribution from the ⇣Z term is quite sensitive to beam polar-
ization. Beam polarization is straightforward to achieve at linear colliders but is not
projected for circular colliders, while circular collider designs have higher luminosity
at 250 GeV. Then there is a certain complementarity between these approaches.

The polarization e↵ect in the e+e� ! Zh cross section arises from the interference
of s-channel diagrams with Z and A; see Fig. 1. In addition to the ⇣Z term in the

4

Perfect EW: Known to be SM-like with ∞ precision. Also implies these contact int. are absent

e+             e- e+             e-
e+             e-

FCC-ee Physics Meeting 
March 25, 2019
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CHAPTER 8
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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.

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

108
DRAFT - NOT FOR DISTRIBUTION

Only finite precision of FCC-ee Ztt slightly reduces sensitivity to Htt

FCC-ee Physics Meeting 
March 25, 2019

• Fit to EW and Higgs precision measurements at FCC: 

1-σ sensitivity to NP in effective couplings                                  in the SMEFT framework
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1.3 Higgs couplings
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ē

i

L
e

i

R
h + g

ii

huu
ū
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Still missing: HZγ interactions

• CEPC (only 240 GeV):  µZγ ~ 16% . FCC-ee (240+365 GeV)?? 

gHμμ gHττ gHcc gHtt gHbb gHVV
eff gHγγ

eff gHZγ
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Figure 1. Definition of the angles ✓1, ✓2, and � in the e+e� ! ZH production process relevant for
the construction of angular observables. See text for further details.
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This combination of direct interactions, contact terms, and shifts in the Higgs-gauge couplings

accounts for the e↵ects of the Higgs EFT on the process e+e� ! ZH up to dimension-6.

2.2 Angular observables in ZH production

In general, these e↵ective operators contribute to a shift in the cross section for e+e� ! ZH,

so that a linear combination of Wilson coe�cients can be constrained to high precision by

future e+e� colliders [9]. However, there is additional information available in Higgsstrahlung

events that allows us to constrain independent linear combinations of Wilson coe�cients. This

independent information can be e↵ectively parameterized in terms of angular observables. In

this paper we will work in terms of the parameterization in [26], although other definitions of

angular observables are possible and in principle may prove more e�cient in isolating specific

Wilson coe�cients.
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is the angle between the momentum of the incoming e+ and the momentum of the outgoing

h along the z axis. Finally, the angle � corresponds to the angle in the xy plane between the

planes defined by the incoming e+e� and the outgoing `+`�, respectively. These angles are

illustrated in Fig. 1.
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where r = m2
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/m2
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⇡ 0.53, �Z = �Z/mh ⇡ 0.020, s = q2/m2

h
, �(a, b, c) = a2 + b2 + c2 � 2ab�

2ac� 2bc, and the function J contains nine independent angular structures with coe�cients

J1, . . . , J9 decomposed as

J (q2, ✓1, ✓2,�) = J1(1 + cos2 ✓1 cos
2 ✓2 + cos2 ✓1 + cos2 ✓2) + J2 sin
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2 ✓2

+J3 cos ✓1 cos ✓2 + J4 sin ✓1 sin ✓2 sin�+ J5 sin 2✓1 sin 2✓2 sin� . (2.10)

The explicit form of the Ji in terms of the EFT coe�cients and Standard Model parameters

was computed by [26] and for convenience is given in Appendix A. The total integrated cross

section for e+e� ! ZH is given in terms of the Ji simply by
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It is useful to isolate various combinations of terms in the di↵erential cross section through
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Here sgn(±|x|) = ±1. In addition to these five angular observables, it is also useful to define

the forward-backward asymmetry
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. (2.17)

Although there are nine Ji, only six are independent, leading to six independent angular

observables corresponding to the six independent form factors in the e+e� ! ZH amplitude.

Each of the angular observables is sensitive to a di↵erent linear combination of coe�cients in

the dimension-6 Higgs EFT.

From Eq. (2.11)–(2.17), it is straightforward to write down the numerical expressions

for the asymmetry observables (as well as the total cross section) as a function of Wilson
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6 angular observables

dimension 6 prior to electroweak symmetry breaking takes the form

Le↵ = LSM +
1

⇤2

59X

i=1

↵iOi (2.1)

Only a subset of these operators contribute to the e+e� ! ZH process, and of these many

may be exchanged via field redefinitions or equations of motion.

Here we will work in terms of a minimal operator basis given in [26]; for a comparable

choice of basis, see [9]. The relevant operators defining our operator basis are given in Table 1.

Although there is no invariant meaning to a particular choice of basis, this basis is su�cient to

characterize all dimension-6 contributions to e+e� ! ZH in the sense that all other operators

contributing to e+e� ! ZH can be re-written in terms of this operator basis plus additional

operators irrelevant to e+e� ! ZH.

O�⇤ = (�†�)⇤(�†�) O�W = (�†�)W I
µ⌫W

Iµ⌫

O�D = (�†Dµ�)⇤(�†Dµ�) O�B = (�†�)Bµ⌫Bµ⌫

O
(1)
�`

= (�†i
$
Dµ�)(¯̀�µ`) O�WB = (�†⌧ I�)W I

µ⌫B
µ⌫

O
(3)
�`

= (�†i
$
DI
µ�)(¯̀�

µ⌧ I`) O
�fW = (�†�)fW I

µ⌫W
Iµ⌫

O�e = (�†i
$
Dµ�)(ē�µe) O� eB = (�†�) eBµ⌫Bµ⌫

O4L = (¯̀�µ`)(¯̀�µ`) O
�fWB

= (�†⌧ I�)fW I
µ⌫B

µ⌫

Table 1. A complete basis of dimension-6 operators contributing to e+e� ! ZH. Here the ⌧ I are
the Pauli matrices.

After electroweak symmetry breaking, these dimension-6 operators give rise to a variety

of interaction terms relevant for e+e� ! ZH of the form

Le↵ � c(1)
ZZ

hZµZ
µ + c(2)

ZZ
hZµ⌫Z

µ⌫ + c
Z eZhZµ⌫

eZµ⌫ + cAZhZµ⌫A
µ⌫ + c

A eZhZµ⌫
eAµ⌫

+hZµ
¯̀�µ (cV + cA�5) `+ Zµ

¯̀�µ(gV � gA�5)`� gemQ`Aµ
¯̀�µ`, (2.2)

where h is the real CP-even Higgs scalar, Zµ⌫ and Aµ⌫ are the Z boson and photon gauge

field strengths, and Ṽ µ⌫ = ✏µ⌫↵�V↵� . Here we again use the notation of [26] for clarity.

The couplings in this broken-phase e↵ective Lagrangian may be straightforwardly ex-

pressed in terms of coe�cients in the dimension-6 Higgs EFT. In this respect it is useful

to consider the following linear combinations of (dimensionless) dimension-6 operator coe�-

– 3 –
-10 -5 0 5 10

α�ZZ

α�ZZ
(1)

α�Φl
V

α�Φl
A

α�AZ

δgV

δgA

α�
Z Z

∼

α�
AZ

∼ +0.

+0.

+3.98

-0.3

+0.59

-11.79

+0.88

+2.

+10.93

1

σ
∂σ
∂αi

α=0

σ

-0.4 -0.2 0.0 0.2 0.4

α�ZZ

α�ZZ
(1)

α�Φl
V

α�Φl
A

α�AZ

δgV

δgA

α�
Z Z

∼

α�
AZ

∼ +0.

+0.

+0.

+0.

+0.02

+0.

+0.

+0.

+0.37

∂Aθ1

∂αi
α=0

Aθ1

-0.6-0.4-0.2 0.0 0.2 0.4 0.6

α�ZZ

α�ZZ
(1)

α�Φl
V

α�Φl
A

α�AZ

δgV

δgA

α�
Z Z

∼

α�
AZ

∼ +0.

+0.

+0.01

+0.2

-0.44

-0.04

-0.59

+0.

-0.01

∂Acθ1,cθ2
∂αi

α=0

Acθ1,cθ2

Figure 4. Same as Fig. 2 but for the sensitivity of �, A✓1 and Ac✓1,c✓2 to the coe�cients in Eq. (2.25)
at

p
s = 240 GeV, corresponding to Eq. (2.26)–(2.28).

which are related to the couplings in Eq. (2.2) by Eqs. (2.5), (2.6) and (2.7). In terms of the

coe�cients in Eq. (2.25), at
p
s = 240 GeV the cross section scales as

�[fb] ⇡ 7.96
�
1 + 10.9 b↵ZZ + 2.00 b↵(1)

ZZ
+ 0.88 b↵V

�`
� 11.8 b↵A

�`

+ 0.59 b↵AZ � 0.30 �gV + 3.98 �gA
�
, (2.26)

while the angular observables scale as

A✓1 ⇡ � 0.448 + 0.37 b↵ZZ + 0.020 b↵AZ , (2.27)

Ac✓1,c✓2 ⇡ � 0.0075� 0.0088 b↵ZZ � 0.59 b↵V

�`
� 0.044 b↵A

�`

� 0.44 b↵AZ + 0.20 �gV + 0.015 �gA , (2.28)

and

A
(1)
�

⇡ 0.040 b↵
Z eZ + 0.20 b↵

A eZ , (2.29)

A
(2)
�

⇡ 0.57 b↵
Z eZ + 0.031 b↵

A eZ , (2.30)

A
(3)
�

⇡ 0.0136� 0.0041 b↵ZZ + 1.06 b↵V

�`
+ 0.080 b↵A

�`

+ 0.69 b↵AZ � 0.36 �gV � 0.027 �gA , (2.31)

A
(4)
�

⇡ 0.0959 + 0.11 b↵ZZ + 0.0060 b↵AZ , (2.32)

These results are represented graphically in Figs. 4 & 5. The information is equivalent

to that in Figs. 2 & 3, but provides a stronger indication of the relevant physics in the

– 10 –

…

Asymmetries compensate lack 
of sensitivity of unpolarized rate to  
hZγ or vector lepton interactions

Complementary test of anomalous 
contributions to h→Zγ  
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Full EFT study of e+e-→W+W- production
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)

Jiayin Gu IHEP

Triple Gauge Couplings (at FCC-ee)

NP

• Current FCC-ee aTGC results: Fit to binned angular distr. (no corr.).  
Also assume aTGC dominance, i.e. 

• Good approx. at LEP2. Probably good approx. at FCC-ee too… 
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• Current FCC-ee aTGC results: Fit to binned angular distr. (no corr.).  
Also assume aTGC dominance, i.e. 

• Good approx. at LEP2. Probably good approx. at FCC-ee too… 

• …testing using full EFT parameterization… plus statistical optimal 
observable analysis 
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Introduction Refined TGC analysis EW corrections Conclusion

A refined TGC analysis using Optimal Observables

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

angles.
! Correlations among angles are ignored.

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

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

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

! dσ
dΩ = dσ

dΩ |aJ +
∑

i

S(Ω)i gi. The optimal observables

are simply the S(Ω)i.

! Very idealized! How well can we actually do?
! Assume ∆bvb ≈ ∆bi�i ?
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Figure 5.16: Definition of the angles in an e
+
e
− → W

+
W

− event.

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

∗
h

(cos θ
∗
l
) and φ

∗
h

(φ∗
l
).

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

(cos θ
∗
h
,φ

∗
h
)↔ (− cos θ

∗
h
,φ

∗
h

+ π), (5.16)

which is folded in the following way:

φ
∗
h

> 0→ (cos θ
∗
h
,φ

∗
h
)

φ
∗
h

< 0→ (− cos θ
∗
h
,φ

∗
h

+ π). (5.17)

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

Z

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

5.4.4 Simultaneous Fit

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

∗
l

and φ
∗
l
, together with cos θW . This
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• Probably… There was certainly more we wanted to do: 

• …Looking forward to see the results that were in preparation for those 
sections 
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Fig. 4.11: Missing mass distributions in Z(``)h(inv.) events reconstructed with CMS (blue)
and the ILD assuming a finite (red) or no (magenta) beam energy spread [75].

15 Determination of the Higgs boson couplings and total decay width
15.1 Measurements of the electron Yukawa coupling
The measurement of the electron Yukawa coupling is challenging due to the smallness of the
electron mass. It could be determined if the FCC-ee was operated at a centre-of-mass energy
corresponding to the Higgs boson pole mass to allow for resonant s-channel production of
the Higgs boson. The corresponding cross-section, assuming the natural Higgs boson width
� = 4.1 MeV, is �(e+e� ! h) = 1.64 fb. The effective cross-section, however, is even
lower due to the presence of initial-state photon radiation and the finite energy spread of the
e+ and e� beams. The latter can be reduce via monochromatisation [?]. Figure 4.12a shows
the Higgs boson production cross-section around

p
s = 125 GeV for different values of the

beam energy spread. Assuming a small beam energy spread equal to the Higgs boson natural
width, the effective cross-section is reduced to 17% of the nominal resonant cross-section. In
Figure 4.12b, the expected upper limits on the electron Yukawa coupling are shown as a function
of the integrated luminosity Lint and the beam energy spread. These results are based on a
preliminary cut-and-count study in ten different decay channels. The two red points indicate
two benchmark scenarios corresponding to two different collider configurations: a baseline
scenario with a beam energy spread of 6 MeV and Lint = 2 ab�1 and a scenario with a beam
energy spread of 10 MeV and Lint = 7 ab�1. In both cases, the expected upper limit is roughly
3.5 times the SM expectation [?].

16 Higgs boson mass measurement
17 Higgs boson CP Measurement
18 Exotic Higgs boson decays
19 Performance requirements for Higgs physics
19.1 Detector performance requirements
19.2 Specific requirements on the accelerator

20 Summary
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Fig. 7.1: New physics effects in B ! K(⇤)⌧+⌧� observables in the form of a real C⌧
9 �

(C⌧
9 )SM ⌘ �NP, whose values are given in the horizontal axes. The vertical axes give the values

of the branching ratio, the FB asymmetry and the longitudinal and transverse polarizations of
the ⌧�, in the SM (solid, filled blue, independent on the value of �NP) and in the NP under
consideration (dashed orange). The bands correspond to the size of the estimated theoretical
uncertainties. Figure reproduced from Ref. [193].

3.2 Experimental sensitivity for B
0 ! K

⇤
(892)⌧

+
⌧
�

3.3 Search for Bs ! ⌧
+
⌧
�

4 Lepton Flavour violation in Z decays
5 CP violation in the quark sector
5.1 The � angle measurement with Bs ! Ds

±
K

⌥

5.2 Search for CP violation in neutral B meson mixings
5.3 Perspectives for the CKM global fit
5.4 Perspectives for the search for BSM Physics in �F = 2 transitions

6 Additional studies
6.1 Leptonic Bc decays
Charged current leptonic decays of mesons are excellent probes of CKM moduli. In the SM, the
rates can be systematically computed. Neglecting EM effects, they depend on a single hadronic
parameter, the decay constant. For example the B ! ⌧⌫ decay rate including leading QED
corrections due to soft photon emission can be written as

B(B� ! ⌧�⌫̄(�))SM = 1.13(1) ⇥ 10
�4

✓
fB

0.2 GeV

◆2 ✓ |Vub|
4 ⇥ 10�2

◆2

, (7.5)

113

(and Higgs)

No info of MH in CDR!
Precision of ~10 MeV needed to 
push parametric uncertainties in 
h→VV* to an acceptable level 
(CEPC claims 5.9 MeV) 

From the defunct Volume 5


