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Important open questions for 

(circular) e+ e-  colliders


Contribution to panel discussion 



How many Zs? Giga-Z vs Tera-Z

- Oblique S and T: O(10) 
improvement with Giga-
Z. 


Need to improve other 
systematics: mW , mt 
etc to improve further. 


- More Zs can do more:

rare Z decay


Flavor.
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Higher E, ttbar threshold?

3

initial CEPC plan potentially o↵er significant physics benefits and deserve further consideration.
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Figure 2: CEPC constraints on the oblique parameters S and T , for the baseline scenario and two possible
improvements. Notice that the axes of this plot have zoomed in by a factor of 5 compared to those of Fig. 1.
For clarity we show only 1� (��2 = 2.30) constraints.

Table 7 summarize the physics reach by quoting the 1� bound on S assuming that T is zero,
and vice versa. These are one-parameter fits (corresponding to ��2 = 1).

Parameter Current CEPC baseline Improved �Z , sin2 ✓ Also improved mt

S 3.6 ⇥ 10�2 1.3 ⇥ 10�2 9.7 ⇥ 10�3 7.1 ⇥ 10�3

T 3.1 ⇥ 10�2 1.0 ⇥ 10�2 7.5 ⇥ 10�3 4.6 ⇥ 10�3

Table 7: Current and CEPC projected one-parameter bounds on S and T (in each case, assuming that the
other is zero).

2.1 The Precision Challenge for Theorists

The estimates of CEPC prospects above assumed an improvement in theoretical uncertainties
relative to the current status. Theory uncertainties quoted for mW , sin2 ✓`

e↵

, and �Z in the “CEPC
fit” column of Table 5 are based on the size of estimated four-loop corrections from refs. [23–25],
under the assumption that three-loop calculations will be completed in the future. Full use of the
power of the CEPC collider thus relies on significant (but reasonable) advances in the state of the
art of Standard Model calculations in the coming years.
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Higher E, ttbar threshold?
- This alone only a small 

improvement for the fit to S 
and T. 


- Need many other 
improvements as well.

3

initial CEPC plan potentially o↵er significant physics benefits and deserve further consideration.
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Higher E, ttbar threshold?
- This alone only a small 

improvement for the fit to S 
and T. 


- Need many other 
improvements as well.

- However, higher energy can 
improve sensitivity to new 
physics. 


- 100 TeV pp may cover some 
of these as well. Needs 
more studies. 

3

initial CEPC plan potentially o↵er significant physics benefits and deserve further consideration.
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For Higgs measurement:

- Big step beyond the LHC


- Both 350 and polarization could help. 

Complementary in places, not qualitatively different.

4

δcZ cZZ cZ□ cγγ cZγ cgg δyt δyc δyb δyτ δyμ λZ
10-4

10-3

10-2

10-1

1

pr
ec
is
io
n

precision reach of the 12-parameter EFT fit (Higgs basis)
LHC 3000/fb Higgs + LEP e+e-→WW
CEPC 250GeV(5/ab)
FCC-ee 250GeV(5/ab) + 350GeV(1.5/ab)
ILC 250GeV(2/ab), P(e-,e+)=(∓0.8,±0.3)

light shade: lepton collider only
solid shade: combined with HL-LHC



Scenarios

5

Basic CEPC-like version: 
5 ab-1  on 250, 1 million Higgs.   1 yr on Z-pole, Giga-Z

FCC-ee: 



Scenarios

5

Basic CEPC-like version: 
5 ab-1  on 250, 1 million Higgs.   1 yr on Z-pole, Giga-Z

FCC-ee: 

Something in between?



My personal ordered wish-list

- After 1 million Higgs, move on to 100 TeV pp as 
soon as possible. 


- ttbar threshold, perhaps a little bit higher for 
better measurement of top couplings. 


- Tera-Z for rare decay, flavor physics. 
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Fig. 4. 68% CL contours in the S � T plane for various estimates of the capabilities of FCC-ee.

The dashed blue and dot-dashed orange contours are based on purely statistical uncertainties and
statistical plus systematic uncertainties from the TLEP “First Look” report.13 The green contour

also adds in theoretical uncertainties on mt,mW , sin2 ✓
e↵

, and �Z as in our earlier work1 and is
almost indistinguishable from the inner FCC-ee curve shown in Figure 2.

precision measurements. The experimental issues involved in resonant depolariza-
tion for energy calibration at FCC-ee were recently studied systematically.16 Other
continuing studies at FCC-ee include the measurement of top quark couplings17

and of the value of ↵ at the Z mass scale,18 avoiding the need to directly under-
stand hadronic contributions to the running. Such studies, beyond the preliminary
estimates, are important to assess whether bottlenecks can be overcome to achieve
higher precision results like the inner ellipses in Figure 4.

2.3. Summary of the (S, T ) Fits

Of course, we want to have the best measurements possible of many di↵erent quan-
tities. But as a reasonable set of baselines that we should ask for from future ex-
periments, we suggest:

• Measure mW to better than 5 MeV. The current uncertainty is 15 MeV.
All designs being discussed meet this standard.

• Measure sin2 ✓W to better than 2 ⇥ 10�5. The current uncertainty is 16 ⇥
10�5. Again, all designs being discussed can deliver this.

• Measure mZ and �Z to 500 keV precision (currently 2 MeV). The future
circular colliders would deliver this accuracy, but the ILC would not.

• Measure mt to 100 MeV precision (currently somewhere around 0.8 GeV,
with di�cult-to-quantify theoretical uncertainties). The ILC and FCC-ee

M. Reece.  Stat and Syst 
based  on “First look” paper

FCC-ee projections, based on “First look” paper

initial CEPC plan potentially o↵er significant physics benefits and deserve further consideration.
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fit” column of Table 5 are based on the size of estimated four-loop corrections from refs. [23–25],
under the assumption that three-loop calculations will be completed in the future. Full use of the
power of the CEPC collider thus relies on significant (but reasonable) advances in the state of the
art of Standard Model calculations in the coming years.

10

Ultimate precision?Present data LHC14 ILC/GigaZ

↵s(M2

Z) 0.1185± 0.0006 [36] ±0.0006 ±1.0⇥ 10�4 [37]

�↵
(5)

had

(M2

Z) (276.5± 0.8)⇥ 10�4 [38] ±4.7⇥ 10�5 [23] ±4.7⇥ 10�5 [23]

mZ [GeV] 91.1875± 0.0021 [27] ±0.0021 [23] ±0.0021 [23]

mt [GeV] (pole) 173.34± 0.76
exp

[39] ±0.5
th

[23] ±0.6
exp

± 0.25
th

[23] ±0.03
exp

± 0.1
th

[23]

mh [GeV] 125.14± 0.24 [23] < ±0.1 [23] < ±0.1 [23]

mW [GeV] 80.385± 0.015
exp

[36]±0.004
th

[24] (±8
exp

± 4
th

)⇥ 10�3 [23, 24] (±5
exp

± 1
th

)⇥ 10�3 [23, 40]

sin2 ✓`
e↵

(23153± 16)⇥ 10�5 [27] ±16⇥ 10�5 (±1.3
exp

± 1.5
th

)⇥ 10�5 [20, 40]

�Z [GeV] 2.4952± 0.0023 [27] ±0.0023 ±0.001 [41]

Table 1. The precisions of observables in the simplified electroweak fit where we neglect non-oblique corrections

and parametrize the new physics contributions to electroweak observables in S and T . The first five observables

in the table and S, T are free in the fit while the remaining three are determined by the free ones. We quote the

precisions of current, high luminosity LHC and ILC measurements as well as the current central values. Entries

that do not display a theory uncertainty either incorporate it into the experimental error bar or have a small

enough theoretical uncertainty that it can be neglected. At the ILC, the non-negligible theory uncertainties

of the derived observables mW , sin2 ✓`
eft

and �Z come from unknown four-loop contributions assuming that in

the future, the electroweak three-loop correction will be computed. In Sec. 4, we will explain in details the

origins of all the numbers we used.

TLEP-Z TLEP-W TLEP-t

↵s(M2

Z) ±1.0⇥ 10�4 [37] ±1.0⇥ 10�4 [37] ±1.0⇥ 10�4 [37]

�↵
(5)

had

(M2

Z) ±4.7⇥ 10�5 ±4.7⇥ 10�5 ±4.7⇥ 10�5

mZ [GeV] ±0.0001
exp

[2] ±0.0001
exp

[2] ±0.0001
exp

[2]

mt [GeV] (pole) ±0.6
exp

± 0.25
th

[23] ±0.6
exp

± 0.25
th

[23] ±0.02
exp

± 0.1
th

[2, 23]

mh [GeV] < ±0.1 < ±0.1 < ±0.1

mW [GeV] (±8
exp

± 1
th

)⇥ 10�3 [23, 40] (±1.2
exp

± 1
th

)⇥ 10�3 [20, 40] (±1.2
exp

± 1
th

)⇥ 10�3 [20, 40]

sin2 ✓`
e↵

(±0.3
exp

± 1.5
th

)⇥ 10�5 [20, 40] (±0.3
exp

± 1.5
th

)⇥ 10�5 [20, 40] (±0.3
exp

± 1.5
th

)⇥ 10�5 [20, 40]

�Z [GeV] (±1
exp

± 0.8
th

)⇥ 10�4 [2, 26] (±1
exp

± 0.8
th

)⇥ 10�4 [2, 26] (±1
exp

± 0.8
th

)⇥ 10�4 [2, 26]

Table 2. The precisions of electroweak observables in the simplified electroweak fit at TLEP. We consider

three scenarios: TLEP-Z: Z pole measurement (including measurements with polarized beams); TLEP-W :

Z pole measurement plus scan of WW threshold; TLEP-t: Z pole measurement, W threshold scan and top

threshold scan. The TLEP experimental precisions are taken from either [2] and [20], where we always chose

the more conservative numbers. Entries that do not display a theory uncertainty either incorporate it into the

experimental uncertainty or have a small enough theoretical uncertainty that it can be neglected. Theoretical

uncertainties may matter for mZ at TLEP, but we lack a detailed estimate and have not incorporated them.

Similar to ILC, the non-negligible theory uncertainties of the derived observables mW , sin2 ✓`
eft

and �Z come

from unknown four-loop contributions assuming that in the future, the electroweak three-loop correction will

be computed. In Sec. 4, we will explain in details the origins of all the numbers we used.

3 Prospects for CEPC Electroweak Precision

In this section, we will study the prospects of electroweak precision measurements at the Circular
Electron Positron Collider (CEPC). So far there is very limited study of CEPC in the literature.
We will present the first estimate of the reach for new physics of the electroweak program at CEPC
based on the talk in [43]. The precisions of the electroweak observables used in the simplified fit are
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