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All particles and interactions of the (minimal) SM discovered
=⇒ every observable can be computed

electroweak interactions tested at ∼0.1% level at LEP/SLC

Higgs signal rates at the LHC in agreement with SM within ∼10%

hadron colliders provide important electroweak measurements
I MW

I sin2 ϑleff
I self-interactions in the gauge sector

all these data can be used to check the internal SM
consistency/signal hints of BSM effects
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overall good agreement with EWPO

Measurement Posterior Prediction Pull

αs(MZ) 0.1180± 0.0010 0.1180± 0.0009 0.1184± 0.0028 -0.1

∆α
(5)
had(MZ) 0.02750± 0.00033 0.02743± 0.00025 0.02734± 0.00037 0.3

MZ [GeV] 91.1875± 0.0021 91.1880± 0.0021 91.198± 0.010 -1.0
mt [GeV] 173.1± 0.6± 0.5 173.43± 0.74 176.1± 2.2 -1.3
mH [GeV] 125.09± 0.24 125.09± 0.24 100.6± 23.6 1.0

MW [GeV] 80.379± 0.012 80.3643± 0.0058 80.3597± 0.0067 1.4
ΓW [GeV] 2.085± 0.042 2.08873± 0.00059 2.08873± 0.00059 -0.1

sin2 θlept
eff (Qhad

FB ) 0.2324± 0.0012 0.231454± 0.000084 0.231449± 0.000085 0.8

Ppol
τ = A` 0.1465± 0.0033 0.14756± 0.00066 0.14761± 0.00067 -0.3

ΓZ [GeV] 2.4952± 0.0023 2.49424± 0.00056 2.49412± 0.00059 0.5
σ0
h [nb] 41.540± 0.037 41.4898± 0.0050 41.4904± 0.0053 1.3
R0
` 20.767± 0.025 20.7492± 0.0060 20.7482± 0.0064 0.7

A0,`
FB 0.0171± 0.0010 0.01633± 0.00015 0.01630± 0.00015 0.8

A` (SLD) 0.1513± 0.0021 0.14756± 0.00066 0.14774± 0.00074 1.6
R0
b 0.21629± 0.00066 0.215795± 0.000027 0.215793± 0.000027 0.7

R0
c 0.1721± 0.0030 0.172228± 0.000020 0.172229± 0.000021 -0.05

A0,b
FB 0.0992± 0.0016 0.10345± 0.00047 0.10358± 0.00052 -2.6

A0,c
FB 0.0707± 0.0035 0.07394± 0.00036 0.07404± 0.00040 -0.9

Ab 0.923± 0.020 0.934787± 0.000054 0.934802± 0.000061 -0.6
Ac 0.670± 0.027 0.66813± 0.00029 0.66821± 0.00032 0.1

sin2 θlept
eff (Tev/LHC) 0.23166± 0.00032 0.231454± 0.000084 0.231438± 0.000087 0.7

Table 1: Experimental measurement, posterior, prediction, and pull for the 5 input parameters (αs(MZ),

∆α
(5)
had(MZ), MZ , mt, mH), and for the main EWPO considered in the SM fit. The values in the column

Prediction are determined without using the experimental information for the corresponding observable.

in the output of the ST fit (U = 0) can be observed at the 10% level. The role of each of the updated
measurements in this small changes is summarized in Figure 1.

A model-independent description of indirect effects of NP (consistent with the SM symmetries and
spectrum at low energies) is provided by the SM Effective Field Theory (SMEFT). The Lagrangian of
the SMEFT extends the SM with higher-dimensional operators encoding the low-energy effects of the NP
upon integrating out the high-energy degrees of freedom [8],

LEff = LSM +
∑

d

1

Λd−4
Ld = LSM + L5 +

∑

i

ci
Λ2
O(6)
i + · · · . (1)

The expansion in Eq. (1) has been truncated at the dimension-6 level, which parameterizes the leading
order NP effects in most observables in the electroweak sector. We use the basis of Ref. [9], where we refer
the reader for the definitions of the dimension-6 interactions. The results of the global fit to EWPO are
summarized in Figure 2. The left panel shows the bounds on the Wilson coefficients, ci/Λ

2, from a fit
including all the independent operators entering in the EWPO, compared to the bounds derived assuming
that only one operator is present at a time.3 (See also [10] for related work.) The results indicate the presence
of a significant correlation between the contributions from different operators. Hence, saturating the actual
95% probability limits would require a significant fine tuning in the high energy theory in order to reproduce
the observed correlations. In cases where such alignment is not present in the ultraviolet completion, the
limits obtained turning on only one operator at a time may provide a more realistic order-of-magnitude
estimate of the actual constraints on the NP interaction scale (see right panel of Figure 2).

3While there are 10 operators in [9] that enter in EWPO, the fit can only constrain 8 combinations. In our case, we take
this into account by performing a small change of basis that trades the operators OφWB and OφD with 2 interactions that do
not enter in EWPO (but correct Higgs observables).

2

J. De Blas et al., arXiv:1710.05402

F. Piccinini (INFN Pavia) FCC Physics Week 15 January 2017 3 / 18



Looking in more detail at subsets of observables

Thomas Peiffer Update of the Electroweak Fit 5

Higgs Mass
Indirect Higgs mass determination from single observables

T. Pfeiffer, EPS2017
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Fig. 2. One standard deviation constraints7 on MH as functions of mt from various sets of
precision data and the combined 90% CL region.

At the SM tree level it is given by

sin2 θW =
g′2

g2 + g′2 = 1 − M2
W

M2
Z

. (7)

Experimental results are often reported as measurements of an effective weak mixing

angle, defined in terms of the vector and axial-vector Z boson couplings to leptons,

vℓ and aℓ, as

sin2 θℓeff ≡ 1

4

(
1 − vℓ

aℓ

)
. (8)

Figure 3 shows all measurements of sin2 θℓeff that achieved a precision of better

than 1%. Strictly parity-violating observables are marked by diamonds, others by

circles. The first group is from the LEP Collaborations5, featuring the forward-

backward asymmetries into bottom and charm quark pairs which are measured on

the low side of the SM predictions, hence favoring values of sin2 θW on the high side.

The next group is from the SLD Collaboration5 at the SLC, where the left-right

polarization asymmetries into hadronic and leptonic final states both favor lower

values of sin2 θW .

The forward-backward asymmetries for e+e− and µ+µ− final states have been

measured by CDF and DØ at the Tevatron18, and by ATLAS and CMS at the

J. Erler, A. Freitas, PDG2017

small tensions between different observables, the largest one in the
asymmetry sector =⇒ sin2 ϑleff
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Fig. 4. Higgs mass predictions derived from ALR(had) (SLC) and AFB(b) (LEP). The former
predicts Higgs boson masses of the order of tens of GeV, while the latter prefers MH values of
order hundreds of GeV. Only the average of those and other measurements of sin2 θW is truly
consistent with the SM.

since values of sin2 θW can be translated into values of MH and then confronted

with the corresponding LHC results. And finally there is a 3 σ conflict between the

most precise results from ALR(had) and AFB(b) as illustrated in Fig. 4.

Measurements of sin2 θW are even more important in the context of new physics

beyond the SM, which can enter in very different ways as sketched in Fig. 5.

(i) One way is through Z-Z ′ mixing. If there is an extra neutral gauge boson26,27,

Z ′, exhibiting mass mixing with the ordinary Z, there may be very significant

modifications of its vector couplings. These would manifest themselves in deter-

minations of sin2 θW seemingly disagreeing with the SM. This is also the reason

why the extracted limits on Z-Z ′ mixing angles are very strong, and typically at

the few per-mille level.

(ii) Another important way is through the interpretation of the so-called oblique

parameters, which are discussed in Sec. 3.1.

(iii) New amplitudes may also be present, e.g., from an additional Z ′ boson. Some

new four-Fermi operator could produce a measurable effect by means of inter-

ference with the photon at low momentum transfer, but would go unnoticed in

the context of measurements around the Z resonance under which it would be

buried. If one then compares on with off Z pole measurements of sin2 θW one

may be able to isolate this kind of new contact interaction.
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Fig. 6. Renormalization group evolution28 of sin2 θW in the modified minimal subtraction

scheme, MS. At the scale of µ = MW the β-function changes sign, signaling the change from
an effectively Abelian theory to a non-Abelian one. Indicated are also various existing and up-
coming measurements. For more details on some of the lower energy measurements, see Ref. 22.
The data points around the Z pole (for lack of space, the Tevatron and LHC points have been
shifted horizontally) are the averages of the individual determinations displayed in Fig. 3, taking
into account correlated systematic errors.

2.2. W boson mass

Another key observable is MW where the status is almost the opposite from sin2 θW .

As can be seen in Fig. 7, the most precise measurements are in perfect agreement

with each other, but the central values of all available measurements except for

DELPHI and L3 are higher than the SM prediction. As a result, the world average

is off by about two standard deviations. This is also transparent from Fig. 8.

There is a very interesting interpretation of an enhanced MW within the Minimal

Supersymmetric Standard Model (MSSM). While the size of a possible shift in MW

is not clearly predicted, the overall sign of the MSSM contributions34 is expected

to increase MW relative to the SM prediction, in agreement with what is currently

seen. This is regardless of whether the boson that the LHC has discovered was the

lighter or the heavier of the two CP-even Higgs eigenstates that are present in the

MSSM, but the latter case is much more constrained35.

J. Erler, arXiv:1710.06503
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Fig. 5. Sketch of how new physics may affect the extracted values of sin2 θW . The first diagram
represents the SM tree level, while the remaining ones represent, respectively, vertex corrections,
oblique corrections, a non-standard four-fermion contact interaction from heavy new physics, and
a change in the renormalization group running of sin2 θW from light new physics. One needs to
vary measurement types and energy scales to disentangle these possibilities experimentally25.

(iv) Finally, there is the possibility of a change in the renormalization group evolution

of sin2 θW . If there was a new light particle with a mass somewhere between zero

and MZ , this could have an effect on the β function28 of sin2 θW .

The renormalization group running of the weak mixing angle within the SM

is illustrated in Fig. 6. The calculation faces similar issues and problems as the

calculation of the electromagnetic coupling at the Z scale in terms of α in the

Thomson limit. In the case of sin2 θW one starts at the Z pole from where the

most precise measurements derive, and moves to lower scales to compare with the

extractions from Qweak22 or other processes involving parity-violation.

One employs perturbative QCD wherever possible, i.e., down to µ ≈ 2 GeV, for

which one needs precise input values of the charm and bottom quark masses. In

the region where one cannot rely on perturbation theory one can try to relate the

hadronic contribution that is not calculable from first principles to the corresponding

result of α. While there is a part which contributes in the same way to both, sin2 θW
and α, there is a complication because the ratio of Z vector couplings to up-type

and down-type quarks differs from the ratio of their electric charges, and a flavor

separation is in order. This can be achieved to sufficient precision by constructing

upper and lower bounds on the strange quark contribution28. Another separation

is needed for the singlet piece, i.e., the OZI rule violating part where one has

a quark current connecting to a set of gluons and then connecting further to a

another quark-anti-quark pair. This piece is small but in principle introduces some

additional uncertainty. Fortunately, there is a lattice gauge theory calculation of

the singlet contribution to the anomalous magnetic moment of the muon29 that can

be adapted to this case30.

F. Piccinini (INFN Pavia) FCC Physics Week 15 January 2017 5 / 18



parameterizing possible New Physics
oblique corrections with S, T U parameters
Zbb̄ couplings with δgbL/R

Result Correlation Matrix

S 0.09± 0.10 1.00
(0.08± 0.10)

T 0.11± 0.12 0.86 1.00
(0.11± 0.12) (0.85)

U −0.01± 0.09 − 0.56 − 0.84 1.00
(0.00± 0.09) (−0.49) (−0.79)

S 0.09± 0.08 1.00
(0.08± 0.09)

T 0.10± 0.06 0.87 1.00
(0.11± 0.07) (0.86)

(U = 0)

Table 2: Results of the fit for the oblique parameters S,
T , U ; and S, T (U = 0). Results without the updates
from HC are given in parenthesis.
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Figure 1: 68% and 95% probability contours for
S and T (U = 0), together with the individual
constraints from MW , the asymmetry parameters
sin2 θlept

eff , P pol
τ , Af , and A0,f

FB (f = `, c, b), and ΓZ .
Dashed lines indicate the results from the fit without
the updates from HC EWPO.
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Figure 2: (Left) 68% and 95% probability limits on the dimension-6 operator coefficients ci/Λ
2 [TeV−2] from

the fit to EWPO including all operators (in blue), compared with the bounds obtained assuming only one
operator at a time (in red). (Right) 95% probability limits on the NP interaction scale for the fits assuming
only one operator at a time, showing also the effect of including the new HC data in each fit.

3 Update on the Higgs boson constraints at the LHC Run 2

In this section we discuss the impact of the latest measurements of the Higgs boson signal strengths at the
LHC Run 2 4 in constraining NP beyond the SM. For illustration purposes, in the left panel of Figure 3 we
show the improvements obtained with Run-2 data in the κV -κf plane for the different Higgs decay channels,
with κV (κf ) a universal rescaling of the Higgs boson couplings to vector bosons (fermions). When combined,
despite the improvement in the constraints, we observe that the bounds on κV are still dominated by the
indirect effects in the EWPO (see central panel in Figure 3).

Turning our attention back to the dimension-6 SMEFT, the right panel of Figure 3 shows the results from

4Including all data as of September 2017. See [11] for previous results using only Run-1 data.
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Figure 2: (Left) 68%, 95%, and 99% probability contours for the δgb
V , δgb

A couplings. (Center) 68%
and 95% probability contours for δgb

R, δgb
L, together with the constraints from R0

b, A0
FB and Ab. (Right)

Expected sensitivities to δgb
R, δgb

L at future colliders. Different shades of the same colour correspond to
results including or neglecting the future theoretical uncertainties.

Result Correlation Matrix

δgb
R 0.016±0.006 1.00

δgb
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

δgb
V 0.018±0.007 1.00

δgb
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 κV derived from EWPD. (Center) Comparison of the 68%
and 95% probability contours for rescaled Higgs couplings to fermions (κ f ) and vector bosons (κV ), from
EWPO and Higgs signal strengths (see [1] for details). (Right) Expected sensitivities to κV 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 κV > 1, with 90% of probability. This imposes significant constraints
on composite Higgs models, which generate values of κV < 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 Λ are those of the SM, the most general Lorentz and SM gauge invariant theory

4

J. De Blas et al., arXiv:1611.05354

dashed limits: excluding last Tevatron/LHC measurements of mt,
MW and sin2 ϑleff

F. Piccinini (INFN Pavia) FCC Physics Week 15 January 2017 6 / 18



with an EFT approach for the Higgs sector

Leff =
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4
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Figure 3: (Left) Comparison of the 95% probability contours on the κV -κf plane allowed by each Higgs
decay channel using Run 1 (dashed lines) and Run 1+2 data (solid regions). (Center) Comparison of the
68% and 95% probability contours in the same plane, from EWPO and current Higgs signal strengths (see [4]
for details). (Right) 95% probability limits on the NP interaction scale from the fit to each dimension 6
operator in the SMEFT (1 operator at a time).

the fits to the interactions entering in Higgs observables, assuming one operator at a time. With ∼ 36 fb−1

the effect of the 13 TeV results are already starting to dominate the bounds on several of the dimension-6
operators. Also, comparing Figures 2 and 3, we see that, with the exception of the operator OφWB the limits
from EWPO and Higgs observables are complementary on the dimension-6 parameter space. The results
of a global fit including all operators simultaneously are however more intricate. There are again large
correlations between the different NP effects, and somewhat flat directions allowing some of the interactions
to go beyond the regime of validity of perturbation theory. In such cases there is a strong sensitivity to
the effect of quadratic terms from the dimension-6 operators in the amplitudes squared. This can help to
bound more efficiently the different operators, at the expense of limiting the range of applicability of the
EFT results. The discussion of the results of a complete global fit will be provided elsewhere.

4 Conclusions

In these proceedings we have presented a preliminary study of the effects that the electroweak precision
measurements taken at the Tevatron and LHC have on the global electroweak fit. While improvements
in the electroweak precision constraints on NP are minor, it is remarkable that the recent hadron collider
measurements of sin2 θlept

eff are already competing in precision with the results from LEP and SLD. Further
improvements are also expected in the determination of the W mass, both from the full Tevatron data set
as well as with future measurements from ATLAS and CMS. These could bring the overall precision close
to the current theoretical uncertainty, allowing to test the SM prediction to a new level of accuracy.

We have also studied in these proceedings the Higgs-boson observable constraints obtained using the
LHC 13 TeV data, and shown quantitatively the improvements already obtained compared with the Run-1
data. A more detailed study of these results will be presented in a future publication.
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Future e+e− machine projects

FCC-ee Physics and ExperimentsThe Physics case of FCC-ee and theory uncertainties…--

In short: 
-- very high luminosities for Z, W, H, top 
-- unique measurements for H(125) 
-- exquisite energy calibration at Z and W
-- clean experimental environment , 

 survey of the heavy particles of the SM 
with unprecedented sensitivity/precision

Physics program: 88 GeV to 365 GeV

First step towards 100 TeV pp collisions  

2013 European Strategy:  There is a strong scientific case for an electron positron collider,
complementary to the LHC, that can study the properties of the Higgs boson and
other  particles with unprecedented precision and whose energy can be upgraded.

by talk of A. Blondel at Mini workshop on Precision Calculations for FCC, 12/01/2018

√
s 'MZ and

√
s 'WW threshold already investigated at LEP

luminosities lower by several orders of magnitude (∼ 1031 cm−2s−1)

HZ and tt̄ thresholds never investigated at a leptonic collider
F. Piccinini (INFN Pavia) FCC Physics Week 15 January 2017 8 / 18
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Figure 1: (Left) 68%, 95%, and 99% probability contours for the S and T parameters. (Center) 68% and
95% probability contours for S and T fixing U = 0, together with the individual constraints from MW , the
asymmetry parameters sin2 θ lept

eff , Ppol
τ , A f , and A0, f

FB with f = `,c,b, and ΓZ . (Right) Expected sensitivities to
S, T, U at future colliders. Different shades of the same colour correspond to results including or neglecting
the future theoretical uncertainties.

the future SM theoretical uncertainties would still be a limiting factor, reducing the sensitivity to
S, T, U in some cases by up to a factor of 2.

Result Correlation Matrix

S 0.09±0.10 1.00
T 0.10±0.12 0.86 1.00
U 0.01±0.09 −0.54 −0.81 1.00

Table 2: Results of the fit for the oblique parameters
S, T , and U .

Result Correlation Matrix

S 0.10±0.08 1.00
T 0.12±0.07 0.86 1.00

Table 3: Results of the fit for the oblique pa-
rameters S and T , fixing U = 0.

Motivated by the −2.6 σ discrepancy in A0,b
FB , it is interesting to consider the possibility that

the leading NP effects in EWPO manifest in extra contributions to the Zb̄b couplings,

gb
a = gb SM

a +δgb
a, a = L,R or V,A. (3.1)

The results of the fit to EWPD provide four solutions for δgb
a, but two of them are disfavored by the

heavy flavour LEP2 data. The two surviving solutions are characterized by a relatively small δgb
L,

due to the Rb constraints, and a sizable contribution to δgb
R, needed to solve the A0,b

FB anomaly. In
Tables 4 and 5 and Fig. 2 we show the results for the solution that is closer to the SM. While current
data is barely consistent with the SM at 95% probability, the order of magnitude improvement at
the FCCee or CepC —also shown in Fig. 2— would allow to confirm whether the A0,b

FB is a probe
of NP or simply an outlier.

Next we study the EWPD constraints on NP models whose leading observable effects appear
in modifications of the Higgs couplings (see, e.g., Ref. [6]). Assuming the new dynamics respects
custodial symmetry, the deviations in the Higgs to vector boson couplings can be parameterized by
a single scale factor κV (κV = 1 in the SM). This induces the leading effects in EWPO, in the form
of logarithmic contributions to the S and T parameters [7]. From the fit results in the left panel of
Fig. 3,

κV = 1.02±0.02, and κV ∈ [0.98, 1.07] at 95% probability. (3.2)

3

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 δgb
V , δgb

A couplings. (Center) 68%
and 95% probability contours for δgb

R, δgb
L, together with the constraints from R0

b, A0
FB and Ab. (Right)

Expected sensitivities to δgb
R, δgb

L at future colliders. Different shades of the same colour correspond to
results including or neglecting the future theoretical uncertainties.

Result Correlation Matrix

δgb
R 0.016±0.006 1.00

δgb
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

δgb
V 0.018±0.007 1.00

δgb
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 κV derived from EWPD. (Center) Comparison of the 68%
and 95% probability contours for rescaled Higgs couplings to fermions (κ f ) and vector bosons (κV ), from
EWPO and Higgs signal strengths (see [1] for details). (Right) Expected sensitivities to κV 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 κV > 1, with 90% of probability. This imposes significant constraints
on composite Higgs models, which generate values of κV < 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 Λ are those of the SM, the most general Lorentz and SM gauge invariant theory

4

J. De Blas et al., arXiv:1611.05354

light shaded colours consider the effect of theoretical uncertainties

for very high lumi runs, reduction of th. uncertainty crucial

F. Piccinini (INFN Pavia) FCC Physics Week 15 January 2017 9 / 18



Th. uncertainties: main systematics at future colliders

intrinsic uncertainties (unknown higher orders)

parametric uncertainties (input parameters: Gµ, α(MZ), αs(MZ), MZ , MH , mt)

classes of processes/observables which need high precision radiative
corrections (one or two orders of magnitude w.r.t. present
knowledge!)

=⇒ talk by J. Gluza

I reference process(es) for luminosity (Bhabha scattering/γγ)
I e+e− → ff̄ (σ and AFB)

=⇒ talk by S. Jadach

I e+e− → V (∗)V (∗) → (4 fermions)

=⇒ talk by M. Skrzypek

I e+e− → Z(∗)H → (4 fermions)
I e+e− → t(∗)t̄(∗) → (6 fermions)
I Z partial decay widths
I H partial decay widths

F. Piccinini (INFN Pavia) FCC Physics Week 15 January 2017 10 / 18



Which kind of NP? E.g. light dark-photon/scalars

vector mixing ∼ εY F YµνF ′µν
talk by Schuster at PBC Workshop, CERN 2017

scalar mixing ∼ εh|h|2|φ|2

US Cosmic Visions: New Ideas in Dark Matter 2017 :

Community Report

Marco Battaglieri (SAC co-chair),1 Alberto Belloni (Coordinator),2 Aaron Chou (WG2
Convener),3 Priscilla Cushman (Coordinator),4 Bertrand Echenard (WG3 Convener),5

Rouven Essig (WG1 Convener),6 Juan Estrada (WG1 Convener),3 Jonathan L. Feng
(WG4 Convener),7 Brenna Flaugher (Coordinator),3 Patrick J. Fox (WG4 Convener),3

Peter Graham (WG2 Convener),8 Carter Hall (Coordinator),2 Roni Harnik (SAC
member),3 JoAnne Hewett (Coordinator),9, 8 Joseph Incandela (Coordinator),10 Eder

Izaguirre (WG3 Convener),11 Daniel McKinsey (WG1 Convener),12 Matthew Pyle (SAC
member),12 Natalie Roe (Coordinator),13 Gray Rybka (SAC member),14 Pierre Sikivie
(SAC member),15 Tim M.P. Tait (SAC member),7 Natalia Toro (SAC co-chair),9, 16

Richard Van De Water (SAC member),17 Neal Weiner (SAC member),18 Kathryn
Zurek (SAC member),13, 12 Eric Adelberger,14 Andrei Afanasev,19 Derbin Alexander,20

James Alexander,21 Vasile Cristian Antochi,22 David Mark Asner,23 Howard Baer,24

Dipanwita Banerjee,25 Elisabetta Baracchini,26 Phillip Barbeau,27 Joshua Barrow,28

Noemie Bastidon,29 James Battat,30 Stephen Benson,31 Asher Berlin,9 Mark Bird,32 Nikita
Blinov,9 Kimberly K. Boddy,33 Mariangela Bond̀ı,34 Walter M. Bonivento,35 Mark

Boulay,36 James Boyce,37, 31 Maxime Brodeur,38 Leah Broussard,39 Ranny Budnik,40 Philip
Bunting,12 Marc Ca↵ee,41 Sabato Stefano Caiazza,42 Sheldon Campbell,7 Tongtong Cao,43

Gianpaolo Carosi,44 Massimo Carpinelli,45, 46 Gianluca Cavoto,22 Andrea Celentano,1 Jae
Hyeok Chang,6 Swapan Chattopadhyay,3, 47 Alvaro Chavarria,48 Chien-Yi Chen,49, 16

Kenneth Clark,50 John Clarke,12 Owen Colegrove,10 Jonathon Coleman,51 David Cooke,25

Robert Cooper,52 Michael Crisler,23, 3 Paolo Crivelli,25 Francesco D’Eramo,53, 54 Domenico
D’Urso,45, 46 Eric Dahl,29 William Dawson,44 Marzio De Napoli,34 Ra↵aella De Vita,1

Patrick DeNiverville,55 Stephen Derenzo,13 Antonia Di Crescenzo,56, 57 Emanuele Di
Marco,58 Keith R. Dienes,59, 2 Milind Diwan,11 Dongwi Handiipondola Dongwi,43 Alex

Drlica-Wagner,3 Sebastian Ellis,60 Anthony Chigbo Ezeribe,61, 62 Glennys Farrar,18

Francesc Ferrer,63 Enectali Figueroa-Feliciano,64 Alessandra Filippi,65 Giuliana Fiorillo,66

Bartosz Fornal,67 Arne Freyberger,31 Claudia Frugiuele,40 Cristian Galbiati,68 Iftah
Galon,7 Susan Gardner,69 Andrew Geraci,70 Gilles Gerbier,71 Mathew Graham,9 Edda
Gschwendtner,72 Christopher Hearty,73, 74 Jaret Heise,75 Reyco Henning,76 Richard J.
Hill,16, 3 David Hitlin,5 Yonit Hochberg,21, 77 Jason Hogan,8 Maurik Holtrop,78 Ziqing

Hong,29 Todd Hossbach,23 T. B. Humensky,79 Philip Ilten,80 Kent Irwin,8, 9 John Jaros,9

Robert Johnson,53 Matthew Jones,41 Yonatan Kahn,68 Narbe Kalantarians,81 Manoj
Kaplinghat,7 Rakshya Khatiwada,14 Simon Knapen,13, 12 Michael Kohl,43, 31 Chris

Kouvaris,82 Jonathan Kozaczuk,83 Gordan Krnjaic,3 Valery Kubarovsky,31 Eric Kuflik,21, 77

Alexander Kusenko,84, 85 Rafael Lang,41 Kyle Leach,86 Tongyan Lin,12, 13 Mariangela
Lisanti,68 Jing Liu,87 Kun Liu,17 Ming Liu,17 Dinesh Loomba,88 Joseph Lykken,3 Katherine
Mack,89 Jeremiah Mans,4 Humphrey Maris,90 Thomas Markiewicz,9 Luca Marsicano,1 C.
J. Marto↵,91 Giovanni Mazzitelli,26 Christopher McCabe,92 Samuel D. McDermott,6 Art
McDonald,71 Bryan McKinnon,93 Dongming Mei,87 Tom Melia,13, 85 Gerald A. Miller,14

Kentaro Miuchi,94 Sahara Mohammed Prem Nazeer,43 Omar Moreno,9 Vasiliy Morozov,31

Frederic Mouton,61 Holger Mueller,12 Alexander Murphy,95 Russell Neilson,96 Tim
ar
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FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of

currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the

m� > mA0 secluded annihilation regime. Courtesy R. Essig.

83

(LHCb  2017)

Tremendous 
international activity

over next ~4-5 
years!

Resonant (GeV-Scale) Mediator Searches

Summary plot from US 
Cosmic Visions

21Tuesday, 21 November, 17

arXiv:1707.04591

for dark-photon reach at FCC-ee =⇒ talk by B. Mele in Exotica session
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If NP threshold above electroweak scale, a complete and model
independent tool to study departures from the SM is given by
SMEFT

L = L(4)SM +
1

Λ2

∑

k

c
(6)
k Q

(6)
k +

1

Λ4

∑

k

c
(6)
k Q

(8)
k + . . .

usually analysis performed at the leading dimension 6 order

by fitting projected data we get constraints on the scale probed
(actually Λ/

√
ci) by the various operators

the over-optimistic way is to fit one operator at a time
I but every particular model switches on more operators for each

observable =⇒ correlations among Wilson coefficients

a conservative estimate of the correlated sensitivity is obtained by
fitting all ci at the same time

vast literature on EFT applications to collider data; in the following
one recent example
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A recent analysis as an example
W.H. Chiu et al., arXiv:1711.04046

observables
I cross sections

F e+e− → ZH
F e+e− → νeν̄eH
F e+e− → ZH
F e+e− →W+W−

I angular observables in e+e− → HZ(→ `+`−)
I EWPO at the Z peak

F Nν
F Ab
F Rb, Rµ, Rτ
F sin2 ϑleff
F ΓZ
F MW

operators

Our study has partial overlap with some recent studies [21–24]. In comparison with [22,

23], we focus more on the reach of the new physics scale where the 6D operators are

generated, with their mutual influences stressed. As for the studies in [24], they mainly

focus on the interpretation of the collider sensitivities in concrete benchmarks.

We organize this article in the following way. We will introduce the analysis formalism

and the observables applied in Section 2 ad Section 3, respectively. The analysis and

its results will be presented in Section 4. In this section, we will pursue a χ2 fit on the

sensitivities of probing the 6D operators at CEPC, in both “optimistic” and “conservative”

interpretations. Then we will make a comparative study on the sensitivities at CEPC, FCC-

ee, ILC250 (with data at 250 GeV and below) and ILC (with full data), and look into the

operators O6 in details which is difficult to probe. We will apply the analysis to study the

theory of SILH in Section 5, analyzing the collider sensitivities to probe its benchmarks:

holographic composite Higgs model [25, 26] and littlest Higgs model [27]. We conclude in

Section 6. More technical details and analysis results can be found in Appendix.

2 Analysis Formalism

There are 13 6D operators which are relevant to the e−e+ → ZH production: 10

CP-even and 3 CP-odd ones. In this article, we focus only on the CP-even ones. We also

include the triple gauge boson operator since it is often generated together with these ones

in new physics scenarios. These 11 operators are summarized in Table 1. This is a subset

of the operators in the so called Warsaw basis [9], omitting operators with quarks.

OWW = g2|H|2W a
µνW

a,µν OT = 1
2(H†

↔
DµH)2 O(3)l

L = (iH†σa
↔
DµH)(L̄Lγ

µσaLL)

OWB = gg′H†σaHW a
µνB

µν OH = 1
2(∂µ|H|2)2 O(3)l

LL = (L̄Lγµσ
aLL)(L̄Lγ

µσaLL)

OBB = g′2|H|2BµνBµν O6 = λ|H†H|3 OlL = (iH†
↔
DµH)(L̄Lγ

µLL)

O3W = g
εabc
3!
W aν
µ W bρ

ν W
aµ
ρ OeR = (iH†

↔
DµH)(l̄Rγ

µlR)

Table 1. The 6D operators used in this study.

These 11 operators can influence physics at the EW scale in four ways: (1) renormaliz-

ing wave function; (2) shifting the definition of EW parameters; (3) modifying the existing

SM couplings (including the charge shifting in the gauge boson currents) and (4) inducing

new vertices.

– 3 –
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Assumed luminosities and exp/th errors on observables

Observables ILC FCC-ee CEPC

σ(Zh) 2.0% [22] 250GeV,2ab−1 0.5% [31] 240GeV,5ab−1 0.5% [6] 240GeV,5ab−1

4.2% [22] 500GeV,4ab−1 - - - -

σ(νν̄h) 3.89% [5] 250GeV,2ab−1 0.97% [19] 350GeV,1.5ab−1 2.86% [19] 240GeV,5ab−1

1.45% [5] 500GeV,4ab−1 - - - -

σ(Zhh) 15.0% [5] 500GeV,4ab−1 - - - -

σ(W+W−) 0.0200%[36] 250GeV,2ab−1 0.0136% [36] 240GeV,5ab−1 0.0136% [36] 240GeV,5ab−1

0.0191% [36] 500GeV,4ab−1 - - - -

Nν 0.0013 [4] Z lineshape,100fb−1 1.58× 10−3 [31] Z pole,150ab−1 0.0018 [19] 240 GeV, 100fb−1

AbFB - - - - (±15± 2in)× 10−4 [6] Z pole, 150fb−1

AµFB - - 7.1× 10−4 [31, 37] Z pole,150ab−1 - -

Ab 0.001 [4] Z pole,100fb−1 - - - -

Rb 6.5× 10−4 [4] Z pole,100fb−1 3.6× 10−4 [31, 37] Z pole,150ab−1 8× 10−4 [6] Z pole, 100fb−1

Rµ 2× 10−4 [32] Z pole,100fb−1 6.1× 10−5 [31, 37] Z pole,150ab−1 5× 10−4 [6] Z pole, 100fb−1

Rτ 2× 10−4 [32] Z pole,100fb−1 6.1× 10−5 [31, 37] Z pole,150ab−1 5× 10−4 [6] Z pole, 100fb−1

ΓZ(MeV) ±1± 0.21in [4, 35] Z pole,100fb−1 ±0.1± 0.08th ± 0.065in [35, 37] Z pole,150ab−1 ±0.1± 0.08th ± 0.13in [6, 35] Z pole, 150fb−1

sin2 θlep
eff (10−5) ±1.3± 1.5th ± 2.2in [4, 35] Z pole,100fb−1 ±0.3± 1.5th ± 1.6in [35, 37] Z pole,150ab−1 ±2.3± 1.5th ± 2.5in [6, 35] Z pole, 150fb−1

mW (MeV) ±2.5± 1th ± 2.8in [35, 38] 250GeV, 2ab−1 ±1.2± 1th ± 0.91in [31, 35] WW threshold,10ab−1 ±3± 1th ± 3.8in [6, 35] 240GeV,5ab−1

Aθ1 0.0083 [29] 250GeV,2ab−1 0.0060 [29] 240GeV,5ab−1 0.0060 [29] 240GeV,5ab−1

Acθ1,cθ2 0.0092 [29] 250GeV,2ab−1 0.0067 [29] 240GeV,5ab−1 0.0067 [29] 240GeV,5ab−1

A(3)
φ 0.0092 [29] 250GeV,2ab−1 0.0067 [29] 240GeV,5ab−1 0.0067 [29] 240GeV,5ab−1

A(4)
φ 0.0092 [29] 250GeV,2ab−1 0.0067 [29] 240GeV,5ab−1 0.0067 [29] 240GeV,5ab−1

Table 4. Projected precision of the Higgs and electroweak precision measurements at ILC, FCC-ee

and CEPC. The numbers in red are obtained by rescaling the results in the referred literatures. A

recently proposed operating scenario (see, e.g., [39]) has been assumed for FCC-ee. The subscript

“th” and “in” denotes errors caused by theoretical and input parameter uncertainties, respectively.

The errors presented are all relative, except the ones for MW ,ΓZ and sin2 θlep
eff . A beam polarization

configuration of (Pe− , Pe+) = (−0.8, 0.3) is assumed for ILC at 250 and 500 GeV. As for the precision

of measuring σ(νν̄h) and σ(Zhh), we assume that the relevant Higgs decay branching ratios (such

as Br(h→ bb̄)) can be precisely measured via e−e+ → Zh at future colliders.

analysis are summarized in Table 2, Table 3 and Table 4, respectively. We will take into

account the impact of the input parameter uncertainties for the measurement precisions.

This effect was discussed in [35] and is denoted as an error with a subscript “in” Table 3 and

Table 4. Also, a running coupling α(mZ) in the MS scheme will be used in the analysis.

The numerical formulae for the operator corrections to the observables are summarized

in Appendix B. The effective operators are implemented using FeynRules and the cross

sections are computed using either CalcHEP or MadGraph5 [40–42].

4.1 CEPC Analysis: Turning on Operators Individually

The sensitivities for probing the 6D operators at CEPC are presented in Table 5, with

them turned on individually. Each row of the table shows the sensitivity of an observable

in probing the operators, with the last row showing the combination. OWB, OT , O(3)l
LL

– 13 –

W.H. Chiu et al., arXiv:1711.04046
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Sensitivity projections

Figure 6. “Optimistic” (with one operator turned on at a time) and “conservative” (with all oper-

ators turned on simultaneously) sensitivity projections for probing each of the set of 6D operators

at CEPC.

• With these inputs, the operator O3W can be weakly probed via the e−e+ →W+W−

production. The energy scale that the CEPC is able to probe decreases from a couple

of TeV in the “optimistic” case to sub TeV.

• The three operators {OWW ,OBB,OH} contribute to the Higgs events at tree level.

The energy scales that the CEPC is able to probe decrease from several TeV/TeV

in the “optimistic” case to TeV/sub TeV, with potential cancellation between the

operators taken into account. This is related to the fact that there is only one ob-

servable at 240 GeV which is highly sensitive to these operators, say, σ(Zh). Though

σ(νν̄h) and the e−e+ → Zh angular observables play a role in constraining the Wilson

coefficients, they are too weak to completely break the remaining degeneracies.

• The operator O6 contributes to the Higgs events at loop level only. The energy scales

that the CEPC is able to probe decrease from sub TeV in the “optimistic” case to

< O(0.1)TeV.

The χ2 fit sensitivities can be also projected to a 2D plane expanded by two Wilson

coefficients, using a marginalization method, as is shown in Figures 11 - 13 in Appendix E.

– 17 –

analysis available for CEPC

Very important redoing the study for FCC-ee
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Comparison on sensitivities for different colliders
4.3 Comparative Study at Future e−e+ Colliders

Figure 7. “Optimistic” (light) and “conservative” (dark) sensitivity projections for probing each

of the set of 6D operators at CEPC, FCC-ee, ILC250, ILC500 and ILC. Here “ILC250” refers to a

combination of the ILC data at 250 GeV and the EW precision measurements at LEP (see Table 3);

“ILC500” refers to a combination of “ILC250” and the ILC data at 500 GeV; and “ILC” refers to

a more optimistic operating scenario, with the LEP measurements in “ILC500” replaced by the

Giga-Z data.

Next let us make a comparison on the sensitivities of probing the 6D operators at the

future e−e+ colliders. For each machine, there exist multiple possibilities for its operating

scenario. For concreteness, we consider the measurement precisions at CEPC, FCC-ee and

ILC with a subset of possible running scenarios, shown in Table 4. The “optimistic” and

“conservative” sensitivity interpretations at each machine are presented Figiure 7. Both

CEPC and FCC-ee are circular e−e+ colliders with non-polarized beams. Benefitting from

a larger integrated luminosity at Z pole, the sensitivities at FCC-ee are mildly better

than the CEPC ones, in both interpretations. The comparison with the sensitivities at

ILC250, ILC500 and ILC is more involved. The ILC250 is less capable in probing these

operators than both CEPC and FCC-ee, because of its relatively small luminosity at 250

GeV and the lack of data at Z-pole. However, this can be improved significantly by the

data expected to be collected at a higher beam energy. With the data at 500 GeV, the

ILC500 performance becomes not much worse than or comparable to the CEPC and FCC-

– 18 –

light colours: individual operator contributing

Large impact of correlations in decreasing the sensitivity. This could
be partially removed by adding other exp. data

to be checked with more realistic parameters for FCC-ee

F. Piccinini (INFN Pavia) FCC Physics Week 15 January 2017 16 / 18



Role of the EWPD: the case of MW

in the scheme of switching on one operator at a time

consider σ(Zh)

S.-F. Ge, H.-J. He, R.-Q. Xiao, arXiv:1603.03385

and then add the observable MW with an error of 3 MeV

Table 4. Impacts of adding the current electroweak precision observables (α,GF ,MZ ,MW ) [36]

on probing the new physics scales Λ/
√
|cj | (in TeV) at 95% C.L. The limits in the first row are

obtained from σ(Zh) to be measured at the CEPC [13] only. The limits in the second row are

given by combining with the current MW measurement plus σ(Zh). Finally, the third row presents

the limits by including the current measurements of (α,GF ,MZ) altogether. In the first two rows,

(α,GF ,MZ) are fixed to their experimental central values as in the Z-scheme, while the third row

adopts the scheme-independent approach by allowing all electroweak parameters to freely vary in

each fit. We label the entries of most significant improvements in red color with an underscore.

OH OT OWW OBB OWB OHW OHB O(3)
LL O(3)

L OL OR
2.48 2.01 4.83 0.89 1.86 2.09 0.567 5.38 11.6 10.2 8.78

2.48 10.6 4.83 0.89 5.16 2.09 0.567 8.22 12.1 10.2 8.78

2.48 10.6 4.83 0.875 5.12 2.09 0.567 8.15 12.1 10.2 8.78

difference. The change appears in the probed new physics scales of the four operators OT ,

OWB, O(3)
LL, and O(3)

L , which are involved in the Z-scheme correction (4.19). For them, the

most significant changes come from OT and OWB, since the reaches of the corresponding

new physics scales are enhanced by about a factor of 5 and 3, respectively. It shows that

for OT , the probe of its new physics scale is enhanced from 2.01 TeV to 10.6 TeV once MW

measurement is included. Setting the most precisely measured observables (α,GF ,MZ)

be their experimental central values is equivalent to fixing the electroweak observables.

This justifies the Z-scheme approach when the precisions of (α,GF , MZ) are much higher

than the others. In Sec. 4.5, we will further analyze how the situation changes when the

precisions of MZ and MW measurements become comparable with each other.

4.5 Enhanced Sensitivity from CEPC Measurements of W/Z Masses

Lepton colliders such as the CEPC, FCC-ee and ILC can also make Z-pole measurements,

which are necessary for calibrations at the initial stage of running the machine. To make

full use of the Z-pole running, we can utilize the Z-pole data to further enhance the indirect

probe of new physics scales. The most significant improvements include the weak boson

masses MZ and MW , as shown in Table 5 for the CEPC.

In comparison with the existing precision data shown in the first block of Table 2, we

see that the uncertainties of MZ and MW can be further improved by a factor of 2 − 4

and 3 − 5, respectively. Since the constraints from current precision measurements are

already rather sensitive, we can expect more significant enhancements by imposing the

CEPC measurements. A rough estimate leads us to expect that the sensitivity to new

physics scales could be doubled for operators OT and OL, reaching about 20 TeV.

Table 5. Projected precisions (68% C.L.) of Z and W mass measurements at the CEPC [13, 38].

Observables Relative Error Absolute Error

MZ (0.55− 1.1)×10−5 (0.5− 1) MeV

MW (3.7− 6.2)×10−5 (3− 5) MeV

– 26 –

large jump in the 95% exclusion limit

=⇒ best attainable exp. precision for MW is relevant to probe higher
scales

=⇒ talk by P. Azzurri
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Adding (one after the other) additional EWPO
Table 7. Projected precisions (68% C.L.) of Z-pole measurements at the CEPC [13, 38].

Observables Relative Error

Nν 1.8× 10−3

AFB(b) 1.5× 10−3

Rb 8× 10−4

Rµ 5× 10−4

Rτ 5× 10−4

sin2 θW 1× 10−4

measurements range from 1.8×10−3 to 10−4 as shown in Table 7. Although these relative

errors appear larger than those of the mass measurements for Z and W bosons, they are

still much smaller than the Higgs observables listed in Table 2. The most sensitive Higgs

observable at the CEPC is the production cross section σ(Zh) , which can be measured

to the precision of 0.51% . We can expect a much more improved constraint on the new

physics scales by using the Z-pole observables.

For this analysis, we derive the linearly expanded expressions for the new physics

contributions to the observables shown in Table 7. We use the analytical formulae of these

observables given in [39]. The new physics enters these observables through the parameter

shifts of the involved vertices between the Z boson and fermions. Since the deviations from

the SM predictions should be reasonably small, we can expand the parameter shifts up to

the linear order. For convenience, we present the expanded expressions as follows,

δÑν

Nν
= 2

δGF
GF

+ 5
δMZ

MZ

− 0.0908
cT

Λ2
TeV

+0.103
cWW

Λ2
TeV

+ 0.00747
cBB
Λ2

TeV

+ 0.0277
cWB

Λ2
TeV

+ 0.121
c

(3)
LL

Λ2
TeV

− 0.121
cL

Λ2
TeV

, (4.20a)

δÃFB(b)

AFB(b)
= 7.5

δGF
GF

+ 15
δMZ

MZ

− 7.5
δα

α
+ 0.391

cWW

Λ2
TeV

− 0.0488
cBB
Λ2

TeV

− 0.038
cWB

Λ2
TeV

+0.324
c

(3)
L

Λ2
TeV

+ 0.324
cL

Λ2
TeV

+ 0.44
cR

Λ2
TeV

−0.00766
c

(3)
L,q

Λ2
TeV

+ 0.00766
cL,q
Λ2

TeV

+ 0.0465
cR,d
Λ2

TeV

, (4.20b)

δR̃b
Rb

= −0.0658
δGF
GF

− 0.117
δMZ

MZ

+ 0.0658
δα

α
− 0.000451

cT
Λ2

TeV

+0.00268
cWW

Λ2
TeV

+ 0.000872
cBB
Λ2

TeV

+ 0.00198
cWB

Λ2
TeV

−0.0976
c

(3)
L,q

Λ2
TeV

+ 0.0976
cL,q
Λ2

TeV

− 0.0198
cR,u
Λ2

TeV

− 0.00703
cR,d
Λ2

TeV

, (4.20c)

δR̃µ
Rµ

= 0.0923
δGF
GF

+ 0.189
δMZ

MZ

− 0.0923
δα

α
− 0.000138

cT
Λ2

TeV

+0.0253
cWW

Λ2
TeV

+ 0.000887
cBB
Λ2

TeV

+ 0.00506
cWB

Λ2
TeV
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σ(Zh) at plus EWPO

in the scheme of switching on one operator at a time

from projected precision for MZ (0.5-1) MeV and MW (3-5) MeV

and then the observables of the above Table

S.-F. Ge, H.-J. He, R.-Q. Xiao, arXiv:1603.03385

Table 8. Impacts of the projected Z-pole measurements at the CEPC [13, 38] on the reach of new

physics scale Λ/
√
|cj | (in TeV) at 95% C.L. For comparison, the first row of this table repeats the

last row of Table 6, as our starting point of this table. For the (n+1)-th row, the first n observables

in Table 7 are taken into account. In addition, the estimated MZ and MW measurements at the

CEPC in Table 5, the Higgs observables (HO), and the existing electroweak precision observables

(EWPO) in Table 2 are always included for each row. The entries with major enhancements of the

new physics scale limit are marked in red color with an underscore.

OH OT OWW OBB OWB OHW OHB O
(3)
LL O

(3)
L OL OR O

(3)
L,q OL,q OR,u OR,d Og

2.74 23.7 6.38 5.78 11.6 2.16 0.604 17.4 18.1 10.2 8.78 2.06 0.568 0.393 0.339 43.8

2.74 23.7 6.38 5.78 11.6 2.16 0.604 17.5 18.3 10.5 8.78 2.06 0.568 0.393 0.339 43.8

2.74 24.0 8.32 5.80 12.2 2.16 0.604 20.7 23.0 12.5 13.0 2.23 1.62 0.393 3.97 43.8

2.74 24.0 8.33 5.80 12.2 2.16 0.604 20.7 23.0 12.5 13.0 7.90 7.89 3.55 4.05 43.8

2.74 24.0 8.54 5.80 12.2 2.16 0.604 20.7 23.4 14.4 14.0 8.63 8.62 4.88 4.71 43.8

2.74 24.0 8.75 5.81 12.3 2.16 0.604 20.7 23.7 15.8 14.9 9.21 9.21 5.59 5.17 43.8

2.74 26.3 12.6 5.93 15.3 2.16 0.604 30.2 35.2 19.8 21.6 9.21 9.21 5.59 5.17 43.8

−0.136
c

(3)
L

Λ2
TeV

− 0.136
cL

Λ2
TeV

+ 0.1
cR

Λ2
TeV

−0.0398
c

(3)
L,q

Λ2
TeV

+ 0.0398
cL,q
Λ2

TeV

+ 0.0198
cR,u
Λ2

TeV

− 0.0146
cR,d
Λ2

TeV

, (4.20d)

δR̃τ
Rτ

= 0.0915
δGF
GF

+ 0.183
δMZ

MZ

− 0.0915
δα

α
+ 0.0252

cWW

Λ2
TeV

+0.000886
cBB
Λ2

TeV

+ 0.00504
cWB

Λ2
TeV

− 0.136
c

(3)
L

Λ2
TeV

− 0.136
cL

Λ2
TeV

+ 0.1
cR

Λ2
TeV

−0.0398
c

(3)
L,q

Λ2
TeV

+ 0.0398
cL,q
Λ2

TeV

+ 0.0198
cR,u
Λ2

TeV

− 0.0146
cR,d
Λ2

TeV

, (4.20e)

δ ˜sin2 θW
sin2 θW

= −1.37
δGF
GF

− 2.74
δMZ

MZ

+ 1.37
δα

α
− 0.0692

cWW

Λ2
TeV

+ 0.00907
cBB
Λ2

TeV

+0.00753
cWB

Λ2
TeV

− 0.0605
c

(3)
L

Λ2
TeV

− 0.0605
cL

Λ2
TeV

− 0.0821
cR

Λ2
TeV

. (4.20f)

We see that these observables involve almost all dimension-6 operators in Table 1,

except the pure-Higgs operator OH and the gluon operator Og . The bosonic operators

OT , OWW , OBB, and OWB can enter through the field redefinitions and mass shifts.

Only the operators OHB and OHW are not involved.

In Table 8, we present the sensitivity reaches by including the Z-pole observables sum-

marized in Table 7. The n-th row corresponds to the constraint from the (Z,W ) mass

measurements, the Higgs observables, and the existing EWPO, plus the first n observables

in Table 7. The difference between the (n)-th and (n+1)-th rows represents the effect of

the n-th Z-pole observable in Table 7. It is striking to see that including the CEPC Z-pole

measurements can further probe the new physics scale up to 35 TeV for O(3)
L . This is
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great benefit from all EWPO at the Z peak
study available for CEPC; FCC-ee reach foreseen even better!
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