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1. Introduction

With the discovery of a Standard Model (SM) -like Higgs boson in 2012 at the Large Hadron
Collider (LHC) all the input parameters of the SM have been experimentally measured. Thus, the
SM prediction for any given observable is now unambiguous, and the same applies to limits on
the size of possible new physics (NP) contributions. In particular, the good agreement between the
SM and the very precise measurements of the electroweak precision observables (EWPO) imposes
strong constraints on NP modifying the electroweak sector. In these proceedings we review the
current status of the electroweak precision data (EWPD) constraints on physics beyond the SM,
and study the improvements expected at future e*e™ colliders. We adopt a model-independent
approach and present our results in terms of different parameterizations of NP: oblique S, 7', U
parameters, NP in the Zbb interactions, modified Higgs couplings to vector bosons, and the more
general case of the dimension 6 SM effective field theory. In the next section we summarize the
status of the SM fit to EWPD and introduce the different future ete™ colliders that have been
proposed and we use in our analyses. In Section 3 we present the projected sensitivities to the NP
scenarios mentioned above at such facilities, comparing them with current constraints. We close
the paper with a short summary and conclusions.

2. Electroweak precision observables at present and future colliders

The bulk of the EWPO comprises the Z-pole measurements taken at LEP and SLD, and the
W-boson properties measured at LEP2 and Tevatron. The fit to EWPD also receives inputs from
the LHC via the determinations of the Higgs-boson and top-quark masses (the latter also measured
at the Tevatron), as well as from experiments measuring the running of the electromagnetic con-
stant, parameterized in terms of the 5-flavour hadronic contribution, Aaéjg(Mz), and the strong
coupling constant, ag(Mz). In Ref. [1] we presented the most up-to date fit of the SM to current
EWPD, using the HEPfit code. The results are summarized in Table 1, where we see how the
indirect determinations of the SM input parameters from the fit are consistent with the experimen-
tal observations at the ~ 1 ¢ level. Also, with the exception of the —2.6 ¢ discrepancy on the
forward-backward asymmetry of the b quark, Agﬁ, all the SM predictions for EWPO agree with
the data at <2 o. It is also noteworthy that, using current theoretical calculations, the overall
(theoretical+parametric) uncertainty of the predictions is well below the experimental errors.
Several future e e~ colliders have been proposed to improve the precision of the electroweak
(and Higgs-boson) observables. In this study we consider the FCCee project at CERN [2], the
ILC in Japan [3]', and the CEPC in China [4]. For completeness, we also include in the study the
expected improvements in the top and W masses at the high luminosity LHC (HL-LHC). Some of
these machines would improve the precision of many EWPO by one order of magnitude —see [1]
for details— being able to test the SM predictions beyond the 2-loop level. To optimize the sensitiv-
ity to NP at such facilities it will be therefore necessary to compute the general 3-loop (maybe even
the leading 4-loop) contributions to SM predictions, in order to match the experimental precision.
In the next section we discuss the projected sensitivities to physics beyond the SM by comparing

'While a /5 &~ 91 GeV run with optimal luminosity would require a machine upgrade from the current Technical
Design Report, we still keep the ILC in our comparisons but include only the improvements in non Z-pole observables.
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Measurement Posterior Prediction Pull
o5 (Mz) 0.1179+0.0012 0.1180+0.0011 0.1185+0.0028 -0.2
Aocéi& (Mz) 0.027504+0.00033 0.02747 £0.00025 0.02743 £0.00038 0.04
Mz [GeV] 91.1875£0.0021 91.1879 £0.0020 91.1994+0.011 -1.0
my [GeV] 173.34+0.76 173.61+0.73 176.6 £2.5 -1.3
my [GeV] 125.094+0.24 125.09+0.24 102.8 £26.3 0.8
My [GeV] 80.385+0.015 80.3644 +0.0061 80.3604 + 0.0066 1.5
I'y [GeV] 2.085+0.042 2.08872 £ 0.00064 2.08873 £0.00064 -0.2
sin? Géﬁft(Q‘I}%d) 0.2324+0.0012 0.231464 +0.000087  0.231435 4+ 0.000090 0.8
P},’Ol =Ay 0.1465+0.0033 0.14748 +0.00068 0.14752 £ 0.00069 -0.4
I'z [GeV] 2.4952 +0.0023 2.49420+0.00063 2.49405 £ 0.00068 0.5
G;? [nb] 41.540+0.037 41.4903 +0.0058 41.4912 4+0.0062 1.3
R([) 20.767 +0.025 20.7485 £ 0.0070 20.7472 £0.0076 0.8
Agﬁ 0.0171+0.0010 0.01631 £0.00015 0.01628 £0.00015 0.8
Ay (SLD) 0.1513+0.0021 0.14748 +0.00068 0.14765 £0.00076 1.7
Ac 0.670+0.027 0.66810+0.00030 0.66817 £0.00033 0.02
Ap 0.923+0.020 0.934650+0.000058  0.934663 +0.000064  -0.6
Ag’é 0.0707 +0.0035 0.07390 £ 0.00037 0.07399 £ 0.00042 -0.9
Agé’ 0.0992 +0.0016 0.10338 +0.00048 0.10350 £ 0.00054 -2.6
R(C) 0.1721 +£0.0030 0.172228 +£0.000023  0.1722294+0.000023  -0.05
R(b) 0.21629 +£0.00066  0.21579040.000028  0.215788 +0.000028 0.7

Table 1: Experimental measurement, posterior, prediction, and pull for the 5 input parameters (ot (Mz),
Aagzj(Mz), Mz, m;, my), 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.

the statistical uncertainties for the corresponding NP parameters from the fit. We assume the future
experiments will measure the SM predictions, with the errors reported in Table 19 in Ref. [1]. We
also use the expected improvement in the determination of Aa}szg (Mz) and o5(Mz), with projected
uncertainties of £5 x 107> and £0.0002, respectively, to reduce the parametric uncertainties in the
SM predictions. Finally, we present the results assuming the future SM theory errors (see Table
21 in Ref. [1]), and study the impact of such uncertainties by comparing with a scenario where we
assume that the SM errors are subdominant.

3. Electroweak constraints on new physics: present and future

We first study scenarios in which NP only modifies the electroweak gauge-boson propagators.
From the point of view of the EWPO, such effects can be described in terms of 3 parameters,
the well-known S, T, and U oblique parameters [5]. In theories where the electroweak symmetry
breaking is linearly realized, however, U is expected to be much smaller than S and 7. Hence in
Tables 2 and 3, and Fig. 1 we show the results for the STU fit with and without fixing U = 0. We
also show in Fig. 1 the expected improvements in the sensitivity at future experiments. As can be
seen, there is no evidence of NP in the current data. Future facilities like the FCCee and CepC
would be sensitive to effects approximately one order of magnitude smaller than those that can be
probed with current data. It is also apparent that, given the high precision expected at the FCCee,
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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 § and 7T fixing U = 0, together with the individual constraints from My, the
asymmetry parameters sin’ Bgf t Pl A £, and Agg with f = ¢, ¢, b, and T'z. (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 Result Correlation Matrix
T 0.10+£0.12 0.86 1.00 S 0.10£0.08 1.00
U 0014+£0.09 -054 -0.81 1.00 T 0.124+0.07 0.86 1.00

Table 2: Results of the fit for the oblique parameters Table 3: Results of the fit for the oblique pa-
S, T,and U. rameters S and 7', fixing U = 0.

Motivated by the —2.6 ¢ discrepancy in Agﬁ, it is interesting to consider the possibility that
the leading NP effects in EWPO manifest in extra contributions to the Zbb couplings,

="My S5gb a=LRorv,A. (3.1

The results of the fit to EWPD provide four solutions for 8g2, but two of them are disfavored by the
heavy flavour LEP2 data. The two surviving solutions are characterized by a relatively small g5,
due to the R}, constraints, and a sizable contribution to 6 gﬁ’e, needed to solve the Agﬁ 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 Agﬁ 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 ky (ky = 1 in the SM). This induces the leading effects in EWPO, in the form
of logarithmic contributions to the S and 7 parameters [7]. From the fit results in the left panel of
Fig. 3,

Ky = 1.02+£0.02, and ky € [0.98, 1.07] at 95% probability. (3.2)
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Figure 2: (Left) 68%, 95%, and 99% probability contours for the Sg{’,, ng couplings. (Center) 68%
and 95% probability contours for 8g§, 5g]€, together with the constraints from Rg, A%B and Ap. (Right)
Expected sensitivities to §gk, g% at future colliders. Different shades of the same colour correspond to
results including or neglecting the future theoretical uncertainties.

Result Correlation Matrix Result Correlation Matrix
nge 0.016+0.006 1.00 5g{’, 0.018 +=0.007 1.00
5g2 0.002+0.001 0.90 1.00 3gf‘ —0.013£0.005 —0.98 1.00
Table 4: Results of the fit for the shifts in the left- Table 5: Results of the fit for the shifts in the vector
handed and right-handed Zbb couplings. and axial-vector Zbb couplings.
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Figure 3: (Left) 1D probability distribution for ky derived from EWPD. (Center) Comparison of the 68%
and 95% probability contours for rescaled Higgs couplings to fermions (k) and vector bosons (ky ), from
EWPO and Higgs signal strengths (see [1] for details). (Right) Expected sensitivities to ky 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 ky > 1, with 90% of probability. This imposes significant constraints
on composite Higgs models, which generate values of xy < 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 A are those of the SM, the most general Lorentz and SM gauge invariant theory
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describing effects at those energies can be parametrized by

b

Loir = Lom+ Y e

Ly, with £, =Y c:0;, [0} =d, (3.3)
d>4 i

where the invariant operators &; are built solely using SM fields. The operator coefficients, ¢;, en-
code all the information of the NP, and can be obtained upon matching with the UV completion [8].
A complete set of non-redundant dimension 6 interactions includes a total of 59 operators. We use
the basis presented in Ref. [9], where only 10 operators contribute to EWPO. These include 2
bosonic interactions: Oyp = ‘quD”qb ‘2 and Oywp = (¢T6a¢) W[L‘VB“", with o, the Pauli matrices;

L
7 operators involving fermionic currents of the form ﬁéll; = <¢TD“¢) (W}/ﬂ 1//) (y=1,e q,u,d)

and ﬁﬁ = ((])TGHDH“ q)) (fyﬂ o,F ) (F =1, g); and the four-lepton operator, &) = (Zyul) (Zy“l).

After EWSB Oywp and Oyp give rise to tree-level contributions to the S and 7' parameters, i.e.
OlenS = 4sin By cos GWC¢WBV2 /A% and Qe T = —Cy pv?/(2A?), while the ﬁé,l,f) induce corrections
to the neutral and charged current vertices. Finally, &}; modifies the amplitude of muon decay, the
process we use to extract the value of the Fermi constant Gr. This is one of the inputs of the SM
and therefore this effect propagates to all EWPO. The results of the EWPD fit, assuming only one
operator is generated by the NP, are given in the first column of Table 6. Fig. 4, on the other hand,
shows our preliminary estimates for the future projections. While for |¢;| ~ 1 current bounds could
be interpreted as limits on the cut-off scale A 2 3-12 TeV at 95% probability, future experiments
could probe values of A = 10-38 TeV, depending on the interaction and the level of accuracy of
future SM calculations.

While all of the 10 operators introduced above do enter in EWPO, the data only allows to
constrain 8 independent combinations of the corresponding ¢;. Using a field redefinition one can
trade, e.g., Opwp and Oyp for other 2 interactions that do not contribute to EWPO (but can be
constrained using Higgs physics), and obtain a basis where the EWPD fit does not have any flat
direction. The results of a global fit to all the operators in such a basis are given in the second
column in Table 6. As can be seen, in this case the bounds are weaker with respect to the case of one
operator at a time, which indicates the presence of large correlations. Only ﬁ’q(il) is not compatible

with the SM at 95% probability, with this deviation being caused by the Agﬁ. A more detailed
discussion of this fit and other global analyses will be presented in a forthcoming publication. (See
also [10] for recent related work).

4. Conclusions

In this proceedings we have presented a brief summary of the sensitivities to NP from current
EWPO and the future expected improvements at future e™ e~ colliders. While here we focused
only on the limits from EWPD, some of the scenarios we discussed can be also constrained by
other types of physics (e.g., Higgs observables). In many cases, however, the global bounds on
NP are still dominated by EWPD [1, 11], as can be seen, e.g., in Fig. 3. More generally, the
EWPO provide complementary information to that from LHC searches, and are still as relevant as
ever after the Higgs discovery. For further details and other analyses including the combination of
EWPO and Higgs signal strengths see [1].
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95% prob. bound on +5 % [TeV~2] O — S
Operator 1 op. at a time Global R —
Osws  [~0.009,0.006] _ opE=—_.
O [—0.031:0.006] — Of m——.
o) [-0.006,0.011] [-0.013,0.034] o=
@g,) [~0.012,0.006]  [—0.065,0.008] oPE= HEPPR
O, [-0.017,0.005] [-0.028,0.009] o — Mo
ﬁq();) [—0.025,0.046]  [—0.099,0.077] - =:+LLC.LHC
o) [~0.011,0.016] [0.179,0.007] wE e
O, [-0.065,0.091] [-0.230,0.410] O"”' — FCCee (Z unpolaized)
ol [0159.0084 1110110 = Ereo
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Oy [-0.012,0.020] [—0.087,0.026] © m%S%[TeV]

Table 6: 95% probability limits on the dimension 6 opera- Figure 4: Projected sensitivities to dimension 6 in-

tor coefficients entering in EWPD. See text for details.
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