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ABSTRACT

The Circular Electron Positron Collider (CEPC) is a large-scale collider facility that can

serve as a factory of the Higgs, Z, and W bosons and is upgradable to run at the tt̄ threshold.

This document describes the latest CEPC nominal operation scenario and particle yields

and updates the corresponding physics potential. A new detector concept is also briefly

described. This submission is for consideration by the Snowmass process.
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I. EXECUTIVE SUMMARY

The Higgs boson, discovered in 2012 by the ATLAS and CMS Collaborations at the

Large Hadron Collider (LHC), plays a central role in the Standard Model. Higgs precision

measurements will advance our understanding of many critical questions, including the origin

of the electroweak scale, the nature of the electroweak phase transition, and the origin of

the matter anti-matter asymmetry in the universe. The Higgs boson is also a window for

exploring new physics, such as dark matter and its associated dark sector, heavy sterile

neutrino, and many others. Compared to the LHC, an electron-positron Higgs factory can

provide crucial and highly complementary information, significantly enhance our knowledge

of this mysterious particle, and help us make progress in answering the critical questions

mentioned above. Therefore, it is widely regarded as the highest priority among various

proposed future collider facilities.

The Circular Electron Positron Collider (CEPC) [1, 2], proposed by the Chinese high

energy physics community in 2012, is designed to run primarily at a center-of-mass energy

of 240 GeV as a Higgs factory. In addition, it will also be operated on the Z-pole as a Z

factory, perform a precise WW threshold scan, and be upgraded to a center-of-mass energy

of 360 GeV, close to the tt̄ threshold. The CEPC study group published its Conceptual De-

sign Report (CDR) [3] in Nov. 2018. Since then, many critical technologies R&D have been

carried out. Multiple prototypes have been produced and tested, especially those compo-

nents on the critical accelerator sub-systems. The performances have achieved or surpassed

the designed goal. In addition, significant progress has been made on the accelerator design,

leading to significantly enhanced instantaneous luminosities compared to those presented

in the CDR. Based on the progress, the CEPC study group proposes a set of new beam

parameters and a new nominal operation scenario.

In this new nominal operation scenario, the CEPC is expected to deliver 4 million Higgs

bosons, nearly 4 trillion Z bosons, over 400 million W-boson pairs (of which ∼100 million

are near the WW threshold), and potentially one million top quarks with the high-energy

upgrade. Many Higgs boson couplings can be measured with precision about one order

of magnitude better than those achievable at the High Luminosity LHC (HL-LHC). In

addition, the CEPC is projected to improve the current precision of many of the electroweak

observables by about one order of magnitude or more, complementary to the Higgs boson
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coupling measurements. The CEPC also offers excellent opportunities for searching for rare

decays of the Higgs, W, and Z bosons and many other new physics signals. The large

quantities of bottom quarks, charm quarks, and tau leptons produced from the decays of

the Z bosons are ideal for a suite of important flavor physics measurements. While the

results reported here are based on the updated running scenario, we note that there is room

for further improvement as a possible expansion to 4 IPs is also under investigation.

This report briefly introduces the new nominal operation scenario and summarizes many

recent physics potential studies. This submission for consideration by the Snowmass is part

of our dedicated effort to seek international collaboration and support. Given the importance

of the precision Higgs boson measurements and the search for new physics beyond the

Standard Model, the CEPC team is actively promoting the CEPC project and is motivated

to collaborate on other proposals for electron-positron collider based Higgs factories.
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II. INTRODUCTION

The Higgs field is at the heart of many mysteries of the Standard Model (SM), such

as the origin of the electroweak scale, the nature of the electroweak phase transition, the

flavor structure and so on. Meanwhile, it could be deeply connected with many fundamental

phenomena beyond the Standard Model, such as the origin of matter and anti-matter asym-

metry, the nature of dark matter and dark energy, and the fundamental forces that drove

inflation. The discovery of the Higgs boson, an excited state of the Higgs field, completes

the SM particle spectrum and offers an excellent probe for those fundamental mysteries and

phenomena. A Higgs factory that can measure the properties of the Higgs boson to an

unprecedented precision is vital for this exploration.

The LHC is a powerful Higgs factory. Ultimately, the high luminosity run of the LHC

(HL-LHC) will produce 100 million Higgs bosons in the coming decades. However, due

to the large backgrounds and the large theoretical/systematical uncertainties, the ultimate

accuracies of the Higgs property measurements at the HL-LHC are typically limited to a

few percent.

Compared to the LHC, the electron-positron colliders have significant advantages for

the Higgs property measurements. They are free of the QCD background. The ratio of

the Higgs signal versus the SM background is 7-8 orders of magnitude higher than the

HL-LHC. The electron-positron colliders have precisely known and adjustable initial states

and can determine the absolute values of the Higgs boson width and couplings. Multiple

electron-positron Higgs factories have been proposed, including the International Linear

Collider (ILC) [4], the Compact Linear Collider (CLIC) [5], the Future Circular Collider

(FCC) [6], and the Circular Electron Positron Collider (CEPC) [1, 2]. Meanwhile, many

new possibilities are also under consideration, such as a 125 GeV Muon collider [7], C3 [8],

ReliC [9] and CERC [10].

The CEPC is proposed by the High Energy Physics community right after the Higgs

discovery and is expected to be hosted in China. The CEPC working group kicked off in

September 2013. In 2015, the CEPC study achieved its first milestone, the pre-CDR [1, 2],

in which the study group concluded there is no shower-stopper for this facility. Followed

by intensive R&D activities and physics study, the CEPC study group delivered the CEPC

Conceptual Design Report (CDR) [3] in Nov. 2018.
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The CEPC has the main ring with a total circumference of 100 km. It is designed to

operate at around ECM = 91.2 GeV as a Z factory, close to W pair production threshold

ECM ' 160 GeV, at ECM = 240 GeV as a Higgs factory. The center of mass energy of

CEPC can be upgraded to 360 GeV, enabling the tt̄ pair production. With an eye on future

upgrades, the tunnel is designed to be wide enough to accommodate both the CEPC and

SPPC [11].

In the CDR, the CEPC is envisioned to operate with two detectors. It has a ten-year

nominal operation plan which will deliver total combined integrated luminosities of 16, 2.6,

and 5.6 ab−1 for the Z, the W, and the Higgs operation, respectively. It will produce close

to one trillion Z bosons, 100 million W bosons, and over one million Higgs bosons. Billions

of bottom quarks, charm quarks, and tau-leptons will be produced in the Z boson decays,

making it a B-factory and a tau-charm factory.
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FIG. 1. The updated run plan of the CEPC, with the baseline and upgrade shown in solid and

dashed blue curves, respectively. The run plans for several other proposals of the e+e− colliders

are also shown for comparison. See [12] for details.

After the delivery of the CEPC CDR, the CEPC study group continued its physics study

and technology R&D. The CEPC accelerator study entered the Technical Design Report
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(TDR) phase, endorsed by CEPC International Advisory Committee (IAC). Key technolo-

gies are developed and validated, especially at the core accelerator sub-systems, including

high-quality Superconducting Radio-Frequency (SRF) system, high precision magnets for

the booster and collider rings, vacuum system, Machine-Detector Interface (MDI), and so

on. Multiple prototypes have been produced and tested, validating the design by achiev-

ing and surpassing the required performances. All these progress lead to an update of the

nominal run plan for the CEPC, shown in Figure 1. Currently, the CEPC Study group is

working for getting project approval around 2027.

The CEPC plans to take a staging approach to realize its construction and the targeted

performance.The baseline CEPC will be operating at the center-of-mass energies ranging

from the Z mass to 240 GeV, with maximal synchrotron radiation power per beam limited

to 30 MW. Increasing the power supply and the heat load capability of the cooling system,

the maximal synchrotron radiation power per beam can be increased from 30 MW to 50 MW,

resulting in a linear increase of the instantaneous luminosity. The center-of-mass energy can

be raised to 360 GeV by increasing the RF cavities.

Operation mode Z factory WW threshold Higgs factory tt̄

√
s (GeV) 91.2 160 240 360

Run time (year) 2 1 10 5

Instantaneous luminosity

(1034cm−2s−1, per IP)
191.7 26.6 8.3 0.83

Integrated luminosity

(ab−1, 2 IPs)
100 6 20 1

Event yields 3× 1012 1× 108 4× 106 5× 105

TABLE I. Nominal CEPC operation scheme, and the physics yield, of four different modes. See

[12] for details.

A new nominal data-taking scenario is also developed from the upgraded performance

of the CEPC accelerator, emphasizing the scientific program as a Higgs and Z factory,

summarized in Table I. Detailed description of the updated running scenarios can be found

in another contribution to the Snowmass from the CEPC study group [12]. It aims at ten
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years of data taking at ECM = 240 GeV, with two interaction points (IPs), accumulating

an integrated luminosity of 20 ab−1, and producing 4 million Higgs bosons. It also plans to

operate for at least two years near the Z pole, which corresponds to an integrated luminosity

of 100 ab−1, and 3 trillion e+e− → Z → qq̄ events. About one year will be devoted to the

WW threshold scan, providing MeV level accuracies on the W boson mass and width. After

the high energy upgrade, the CEPC will be operated for at least five years at a 360 GeV

center-of-mass energy with a 1 ab−1 integrated luminosity. About 500 thousand tt̄ events

and 150 thousand inclusive Higgs events will be produced. A possible expansion to 4 IPs is

also under investigation. Hence, the statistics can potentially be further improved.

The CEPC Physics study groups have continued to explore the physics potential, fo-

cusing on a broad range of topics, including Higgs precision measurements, precise EW

measurements, Flavor Physics, QCD measurements, and direct new physics searches. In ad-

dition, the physics studies identified a handful of critical detector requirements, quantified

its impact on different physics benchmarks, and set clear performance goals for its detector

system. These requirements include the separation of final state particles, the precise recon-

struction of energy/momentum of different kinds of final state particles, the identification of

physics objects in high-multiplicity events, the monitoring, and calibration of beam energy

and instant luminosity, and so on. The CEPC detector group initiated a series of detector

technology R&D programs to satisfy the physics requirements better and leverage the latest

detector development technology.

We submit this document as an input to the Snowmass process based on the updated

operating scenario of the CEPC. Here, we update the CEPC physics reaches based on recent

new studies and describes briefly the detector R&D activities. The European Strategy for

Particle Physics Update in 2020 [13] concluded that an electron-positron Higgs factory is

the highest-priority next collider. We firmly believe that such a facility is an indispensable

step for high-energy physics explorations in the future.

III. HIGGS, EW AND TOP PHYSICS

Higgs, electroweak, and top quark physics make up the primary physics output of the

CEPC program. This section reviews the corresponding physics potential with up-to-date

simulation results according to the upgraded CEPC run plan. The top quark physics, includ-
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ing top quark mass and width measurements and top quark coupling measurements, enabled

by the tt̄ run, are still under development. We will report the corresponding projections in

future works.

A. Measurements of the SM Higgs processes

In addition to the CEPC Higgs white paper [14] and CDR [3], several analyses on the mea-

surements of the Higgs cross-section [15] as well as individual Higgs decaying channels have

been documented in [16] and [17]. After the CDR, various updates have been implemented

in the analysis of the individual channels, and for some of them, substantial improvements

on the measurement precision have been achieved. Multivariate analyses (MVA) have been

applied on H → ZZ [18] and H → γγ, leading to 5-10% improvements on the precision

with respect to the CDR results. Dedicated MVA can also enhance the sensitivity to the

Higgs invisible decay measurement (H −→ inv) [19]. For the analyses of the H → bb/cc/gg

channels, the Color Singlet Identification (CSI) method is introduced for the (Z → qq̄)H

channel, and flavor taggings are introduced for both (Z → νν̄)H and (Z → qq̄)H chan-

nels, which were previously absent in the CDR analyses. This results in an improvement

of 2%/52%/10% (for bb/cc/gg, respectively) in the νν̄H channel and 35%/107%/169% in

the qq̄H channel for the precision of the signal strength measurement [20]. Furthermore, a

global analysis based on Machine Learning (ML) is developed for the Higgs measurement

which can potentially increase the corresponding precision by a factor of 2 with respect to

the results reported in the CDR [21].

At present, the relevant data sets for Higgs measurements are those collected at the

240 GeV run with a luminosity of 20 ab−1, and the 360 GeV run with 1 ab−1, as shown in

Table I. The cross-section of the ZH production for the 360 GeV run is 36% lower than that

of the 240 GeV run, while the cross-sections of the WW and ZZ fusion Higgs production

processes are a factor of 3.8 and 4.6 higher, respectively. These channels provide important

inputs for the Higgs width determination.

An important case is the correlation between the two different production modes, ZH →
bb and ννH → bb (from WW fusion). It is difficult to separate the latter from ZH → ννbb at

240 GeV due to their similar kinematics. As a result, the two modes have a large correlation

of −46% in the 240 GeV run. This is reduced to −16% in the 360 GeV run due to a better
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separation of the recoiling mass of the two b quarks. In addition, the correlations of the

H → bb/cc/gg channels for the 240 GeV run are also studied in [20] and are estimated to be

−15%, −17% and −26% for bb/cc, bb/gg and cc/gg, respectively.

The projections for the measurements of the 360 GeV run are obtained by rescaling from

the ones of the 240 GeV run according to the cross sections of signal and backgrounds,

while implementing the new developments described above and using the same statistical

method as the CDR study. The ννH → bb channel is fully simulated as a cross check. The

projections of the measurement precision for various Higgs production and decay channels

at the CEPC 240 GeV and 360 GeV runs are summarized in Table II.

In comparison with the CDR results, the inclusive Higgs cross-section measurement has

been improved from 0.5% to 0.26%, the measurements of the exclusive channels (in terms

of σ × BR) are also significantly improved, and the precision reach of the Higgs width

determination is improved from 2.8% to 1.65%,[22] for the 240 GeV run. This is mainly due

to the higher luminosity (20ab−1 vs. 5.6ab−1) for the updated run plan. Thanks to the

360 GeV run, the combined precision of the Higgs width determination with the two runs

can reach a remarkable 1.10%.

B. Higgs coupling determination

The determination of the Higgs couplings is one of the major goal of the CEPC physics

program. In order to compare with the SM predictions, a systematic parameterization of

BSM contributions to the Higgs couplings is needed. The two common frameworks are

the so-called κ framework and the effective-field-theory (EFT) approach, which are both

considered in the CEPC study.

The κ framework defines κs as the rescaling factors of the Higgs couplings with respect to

their SM values. The precision projection on κ directly reflects the Higgs precision program

in a simplified manner. These κs can be related to the Wilson coefficients in the Higgs

EFT (HEFT) or the Standard Model EFT, often encapsulating several operators’ combined

direction. The EFT framework becomes more suitable when describing the physics across

a broad range of energy scales or between different sectors (such as the Higgs and the EW

ones).

For the κ framework, we make projections in two schemes that have already been adopted
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FIG. 2. The projections of the precision of the Higgs coupling measurement at the CEPC in

different kappa fit frameworks, shown with red bars. The projections with CEPC 240 GeV run

only are shown in dashed opaque bars, and the improved result with CEPC 360 GeV run are

shown in solid bars. Note that with the upgrade CEPC run plans, including the HL-LHC in the

combination does not lead to any visible changes in the results in the chosen set of free parameters.

Hence, we do not consider them separately here anymore. The upper panel has the total width as

a derived quantity instead of a free parameter (as in the lower panel), enabling a direct comparison

with the HL-LHC sensitivities shown in gray bars. HL-LHC has a large flat direction with total

width as a free parameter, and hence its results are not shown in the lower panel.
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240 GeV, 20 ab−1 360 GeV, 1 ab−1

ZH vvH ZH vvH eeH

inclusive 0.26% 1.40% \ \

H→bb 0.14% 1.59% 0.90% 1.10% 4.30%

H→cc 2.02% 8.80% 16% 20%

H→gg 0.81% 3.40% 4.50% 12%

H→WW 0.53% 2.80% 4.40% 6.50%

H→ZZ 4.17% 20% 21%

H −→ ττ 0.42% 2.10% 4.20% 7.50%

H −→ γγ 3.02% 11% 16%

H −→ µµ 6.36% 41% 57%

H −→ Zγ 8.50% 35%

Brupper(H −→ inv.) 0.07%

ΓH 1.65% 1.10%

TABLE II. The projected precision for the measurements of the inclusive Higgs cross section, cross

section times branching ratio and the Higgs total width (ΓH) for the 240 GeV and 360 GeV runs

at the CEPC. All results are in terms of the one-sigma precision except for the invisible decay

branching ratio Brupper(H −→ inv.), which shows the 95% confidence-level upper bound. The

precision of the Higgs total width is obtained from a κ-fit of all the Higgs measurements.

in the CEPC pre-CDR [23] and CDR [3, 24]. These two schemes are also equivalent to the

so-called “kappa0” and “kappa3” schemes in the European Strategy Updates [25]. In the

“kappa0” scheme, the Higgs total width is not a free parameter, and is assumed to be the

sum of all the partial widths of the SM Higgs decay channels. Since it is difficult to measure

the Higgs width precisely at the LHC, using this scheme allows for precise extraction of

the couplings at the LHC and enables comparisons between the HL-LHC performances and

the CEPC. In the “kappa3” framework, the Higgs width is a free parameter, containing

(inclusively) various exotic decay modes that are not directly searched. The lepton col-

lider Higgs factories have unique capability to determine the Higgs width through inclusive
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measurements [3, 23–29].[30]

We show the projected Higgs precision in these two kappa fit frameworks in Figure 2.

The CEPC projections with the upgraded run plan are shown in red bars, with opaque

ones with dashed boundary representing 240 GeV run with 20 ab−1 results alone. The full

projections, in combination with a 360 GeV run with an integrated luminosity of 1 ab−1,

are shown with solid red bars.

The upper panel shows the constrained fit result where Higgs width is not a free pa-

rameter. The gray bars represent the projections for the HL-LHC, with two scenarios of

uncertainty assumption [31]. In comparison with the HL-LHC, the CEPC improves most

coupling precisions by more than a factor of 5. Notably, the Higgs to ZZ coupling can be

improved by more than a factor of 30, enabling us to dive deep into new physics which can

modify Higgs couplings.

We show the kappa fit result with the Higgs width as a free parameter in the lower panel.

Historically, this scheme is often dubbed the “model-independent” fit. The Higgs width could

contain additional contributions from new decay modes which are hard to search for or tag.

HL-LHC has a sizeable flat direction with total width as a free parameter. Consequently,

the HL-LHC results are not shown in the lower panel. CEPC is able to determine the Higgs

boson total width at the level of 1.1%. CEPC can also set an upper limit on the branching

ratio of BSM invisible decay at 0.07% at 95% CL from the exclusive measurement. Note

that with the upgraded CEPC run plans, including the HL-LHC in the combination does

not lead to any visible changes in the results in the projections for the chosen set of free

parameters. Hence, we do not consider them separately here anymore.

In the EFT framework, the new particles are assumed to be heavy and can be integrated

out, and the new physics effects can be mapped to a series of higher dimensional operators.

We work in the Standard Model Effective Field Theory (SMEFT) in which the electroweak

symmetry breaking is linearly realized. A more detailed SMEFT analysis of the Higgs and

electroweak measurements is presented later in section III F. Here we project the SMEFT

results onto the effective Higgs couplings, which are defined such that they are proportional

to the square root of the corresponding Higgs decay [32][33]. The results are presented in

Figure 3. The reaches on the anomalous triple gauge couplings (aTGCs) from the same fit

are also shown. For comparison, we also show the results for the HL-LHC S2 scenario with

the measurement inputs from [31], following the treatment in [34].
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FIG. 3. Precision reach on the effective Higgs couplings and aTGCs at the HL-LHC (S2 scenario)

and the CEPC, obtained from a global fit of the Higgs and electroweak measurements in the

SMEFT framework. For the CEPC, the light-shaded columns show the results with runs up to

240 GeV, while the solid columns also include the run at 360 GeV.

In Figure 3, we again observe a precision reach of O(10−2 − 10−3) for most of the Higgs

couplings at the CEPC, clearly demonstrating its great potential in precision Higgs physics.

There are a few important differences to the κ-framework results that should be noted.

First, the reach on the hWW coupling (δgWW
H ) is significantly better in the EFT framework

than in the κ one. The former is similar to the reach on δgZZH despite the fact that the hZ

production channel is much better measured than the WW -fusion one. This is mainly due

to the fact that a large deviation between δgWW
H and δgZZH violates the custodial symmetry,

and is therefore tightly constrained by the electroweak measurements at the CEPC. Simi-

larly, many other operators contribute to both Higgs and electroweak processes. Thanks to

the outstanding electroweak precision program at the CEPC, these operators are strongly

constrained and have very small impacts on the extraction of Higgs couplings [34]. The

measurement of the h → Zγ channel also plays a crucial role in the EFT framework as

it provides important constraints on the operators (such as |H|2WµνW
µν and |H|2BµνB

µν)

that also contribute to the hγγ, hWW and hZZ couplings. This measurement also con-

strains the contribution of the hZγ coupling to the hZ production via the s-channel photon

to a negligible level, which would otherwise have an significant impact on the extraction of

the hZZ coupling.
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C. CP violation in the Higgs couplings

The Higgs boson is predicted to be a scalar particle (JP = 0++) under the SM of particle

physics. Any observation of charge-parity violation (CPV ) in the Higgs couplings would be

a clear sign of new physics. Such new physics could potentially account for (at least some

of) the observed baryon asymmetry of the universe. At the HL-LHC [31], the CP -odd HV V

couplings are can be probed by the measurement of Higgs decay, and the expected bound

on the CP -odd parameters c̃Zγ and c̃ZZ is estimated to be ±0.22 and ±0.33, respectively,

at the 68% confidence level.

CEPC, with good reconstructions of the Higgs production events and much smaller QCD

background, provides a unique opportunity to probe the CP-odd HV V couplings. Such an

analysis was perform in [35] using the e+e− → ZH → µ+µ−H(→ bb̄/cc̄/gg) process with the

luminosity presented in the CDR. A likelihood fit to the binned analysis of the azimuthal

angle φ between the production and the Z-decay planes was carried out, and the 68%CL

bound on c̃Zγ and c̃ZZ is around ±0.37 and ±0.10, respectively. This is further improved

to ±0.36 and ±0.08 with the use of optimal observables [36]. The reach on c̃ZZ at CEPC

is significantly better than the HL-LHC one, while for c̃Zγ the CEPC bound is weaker due

to its suppressed contribution to the hZ production channel. With the luminosity updated

from 5.6 ab−1 to 20 ab−1, and more channels included, we expect the reach on the CP -odd

parameters to be improved by at least a factor of two.

D. W,Z electroweak precision measurements at the CEPC

The CEPC offers the possibility of dedicated runs at the Z pole and the WW threshold.

The expected integrated luminosity for the CEPC Z pole run is 100 ab−1, corresponding to

3×1012 Z bosons. It will also produce over 400 million W boson pairs (of which 100 million

are near the WW threshold with 6 ab−1). With large integrated luminosity, the CEPC will

reach a new level of precision for measurements of the properties of the W and Z bosons.

Precise measurements of the W and Z boson masses, widths, and couplings are critical

to test the consistency of the SM. In addition, many BSM models predict new couplings

of the W and Z bosons to other elementary particles. Precise electroweak measurements

performed at the CEPC could discover deviations from the SM predictions and reveal the
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existence of new particles that are beyond the reach of current experiments.

Observable current precision CEPC precision (Stat. Unc.) CEPC runs main systematic

∆mZ 2.1 MeV [37–41] 0.1 MeV (0.005 MeV) Z threshold Ebeam

∆ΓZ 2.3 MeV [37–41] 0.025 MeV (0.005 MeV) Z threshold Ebeam

∆mW 9 MeV [42–46] 0.5 MeV (0.35 MeV) WW threshold Ebeam

∆ΓW 49 MeV [46–49] 2.0 MeV (1.8 MeV) WW threshold Ebeam

∆mt 0.76 GeV [50] O(10) MeVa tt̄ threshold

∆Ae 4.9× 10−3 [37, 51–55] 1.5× 10−5 (1.5× 10−5) Z pole (Z → ττ) Stat. Unc.

∆Aµ 0.015 [37, 53] 3.5× 10−5 (3.0× 10−5) Z pole (Z → µµ) point-to-point Unc.

∆Aτ 4.3× 10−3 [37, 51–55] 7.0× 10−5 (1.2× 10−5) Z pole (Z → ττ) tau decay model

∆Ab 0.02 [37, 56] 20× 10−5 (3× 10−5) Z pole QCD effects

∆Ac 0.027 [37, 56] 30× 10−5 (6× 10−5) Z pole QCD effects

∆σhad 37 pb [37–41] 2 pb (0.05 pb) Z pole lumiosity

δR0
b 0.003 [37, 57–61] 0.0002 (5× 10−6) Z pole gluon splitting

δR0
c 0.017 [37, 57, 62–65] 0.001 (2× 10−5) Z pole gluon splitting

δR0
e 0.0012 [37–41] 2× 10−4 (3× 10−6) Z pole Ebeam and t channel

δR0
µ 0.002 [37–41] 1× 10−4 (3× 10−6) Z pole Ebeam

δR0
τ 0.017 [37–41] 1× 10−4 (3× 10−6) Z pole Ebeam

δNν 0.0025 [37, 66] 2× 10−4 (3× 10−5 ) ZH run (ννγ) Calo energy scale

a Simulation studies are still on-going to obtain accurate projections of the precision of top quark mass

and coupling measurements at the CEPC.

TABLE III. The expected precision for a selected set of EW precision measurements at the CEPC

and the comparison with the precision from the previous measurements [37–49, 51–66]. The CEPC

accelerator running mode and total integrated luminosity expected for each measurement are also

listed. Relative uncertainties are quoted for δR0
b , δR

0
c , δR

0
e, δR

0
µ, δR0

τ and δNν measurements,

while absolute uncertainties are quoted for other measurements.

Significant improvements are expected from the CEPC measurements for some of these

variables. Table III lists the expected precision from CEPC compared to achieved precisions

from the previous measurements [37–49, 51–66]. These runs allow high precision electroweak
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measurements of the Z boson decay partial widths, i.e. the parameters Rb = ΓZ→bb̄/Γhad,

Rc = ΓZ→cc̄/Γhad and R` = Γhad/ΓZ→`¯̀ where l = e, µ, τ . It would also perform high

precision measurements of the forward-backward charge asymmetry (AfFB), the effective

weak mixing angle (sin2 θeff
W ), number of light neutrino species (Nν), and the mass of the

Z boson (mZ). Even through the polarized beam is not the default option in the CEPC

physics program, the asymmetry observables Ae and Aτ can still be measured by probing

the tau polarization asymmetry in the tau hadronic decay mode using Z → ττ events at

the Z pole runs with unpolarized beams. Projections for the other Af variables are dervied

from the measurements of Ae and AfFB using the relation AfFB = 3
4
AeAf . The threshold scan

runs are also crucial for the calibrations of leptons and jets. It is also possible to perform

some measurements with the Z boson without these dedicated low-energy runs near or at

the Z pole. For example, the direct measurement of the number of light neutrino species

can be performed in ZH runs intended for Higgs boson measurements.

mZ can be measured at CEPC Z pole runs and Z threshold scans runs. The domi-

nant systematic is expected to come from beam energy measurements. By using resonant

depolarization method, the beam energy is expected to be calibrated to a precision of 0.1

MeV [67–69], which is a factor of 20 improvement compared to LEP measurements [37–41].

The W boson mass (mW ) can be measured with WW threshold runs at CEPC with

unprecedented experimental precision [70]. Recent result from CDF collaboration showed

that the measured mW was significantly higher than the Standard Model predicts, with a

discrepancy of 7 σ standard deviations [42]. CEPC will offer an opportunity to improve the

experimental systematic by one order of magnitude, revealing insight on the potential new

physics behind the deviations in the mW measurement. The systematic uncertainty in beam

energy measurement is expected to be one of the dominated experimental uncertainties.

A new method for high energy beam energy measurement with microwave-beam Compton

back-scattering was proposed to calibrate the beam energy at WW threshold runs [71, 72].

The weak mixing angle is one of the most important parameter for the Standard Model

electroweak sector. The asymmetry between the right-handed and left-handed lepton cou-

plings to the Z boson (A`) is a powerful experimental observable to measure the weak mixing

angle. As mentioned above, Ae and Aτ can be measured precisely with the final-state tau

polarizations at the CEPC. The forward-backward asymmetry (AfFB) measurement at the Z

pole can provides a similarly accurate determination of the weak mixing angle.
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E. Measurement of the e+e− →WW process

The measurement of the e+e− → WW process provides important constraints on various

new physics contributions and is a crucial input for the global SMEFT analysis. Convention-

ally, the results are presented in terms of the bounds on the three CP-even anomalous triple

gauge couplings (aTGCs). Additional modifications are allowed in the global SMEFT frame-

work. Focusing on dimension-6 CP-even tree-level effects, the new physics contributions in

SMEFT can be written in terms of the following 7 parameters [73],

δg1,Z , δκγ , λZ , δgeeZ,L , δgeeZ,R , δgeνW , δmW
,

where δg1,Z , κγ and λZ are the three aTGCs, geeZ,L, δgeeZ,R and δgeνW are the modifications to

the gauge couplings of electron (and neutrino) to the Z, W bosons, and δmW
modifes the

W-boson mass.

Apart from δmW
which is strongly constrained by the W-boson mass measurement, the

EFT parameters receive strong energy enhancements and are much better probed at 240 GeV

than around the WW threshold. The parameters are also sensitive to the differential dis-

tributions, which can be parameterized as five angles (the production polar angle and two

decay angles for each W ). We implement the so-called “optimal observables” [74] and

perform a phenomenological analysis to efficiently extract the precision reach of the EFT

parameters from the differential distributions. Our analysis follow closely the one in [34].

We focus on the semi-leptonic channel. We consider only statistical uncertainties, and ap-

ply a conservative 50% signal selection efficiency to account for possible effects of detector

acceptance, systematic effects and signal selection cuts. The resulting likelihood of the 7

parameters above is combined with the Higgs and other electroweak measurements in the

global SMEFT analysis in section III F.

F. SMEFT global fit of Higgs and electroweak processes

The Standard Model Effective Field Theory (SMEFT) offers a systematic parameteriza-

tion of the new physics effects in the Higgs and electroweak measurements. Assuming the

scale of the new physics is significantly larger than the electroweak scale, and the electroweak

symmetry breaking is linearly realized, the SM Lagrangian can be extended with a series of
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higher dimensional operators [75, 76],

LSMEFT = LSM +
∑

i

c
(6)
i

Λ2
O(6)
i +

∑

j

c
(8)
j

Λ4
O(8)
j + · · · (1)

where Λ denotes the scale of the new physics. Only operators of even dimensions are allowed

if baryon and lepton numbers are conserved. For a sufficiently large Λ, the new physics

effects could be well approximated by the dimension-6 operators. The general bottom-up

approach is to start with a non-redundant basis and perform a global fit with all possible

measurements to obtain the bounds on the operator coefficients. A more practical approach

is to focus on a subset of the measurements, such as the the Higgs and electroweak ones,

and obtain bounds on the operator coefficients that contribute to them at the leading order.

This has been done in previous studies [25, 32, 34, 77–82]. Our analysis here follow closely

the one in [34]. For CEPC, the measurement inputs we use are the Higgs rate measurements

in Table II [83], the EW precision observables in Table III, and the measurements of e+e− →
WW in section III E. For comparison, we also perform the same analysis for the HL-LHC

S2 scenario, with the Higgs measurement inputs from [31], the analysis of pp → WW/WZ

in [84], and the electroweak measurements at the LEP and the SLD in Ref. [37]. The results

of our analysis are shown in Figure 4 in terms of the 95% reach on the combination Λ/
√
ci

(which corresponds to the scale of new physics if ci = 1), with operators defined in Table IV.

Here we have imposed the flavor universality condition on the operators that contributes

to the Zff̄ couplings. The SMEFT fit results are also projected on the effective Higgs

couplings and aTGCs shown previously in Figure 3. In this case, the flavor universality

condition is reduced to a U(2) symmetry of the first two generation quarks. It can be

seen in Figure 4 that the CEPC is able to provide O(1-10) improvements on the reach on

the new physics scale of the HL-LHC and LEP/SLD measurements. Compared with the

SMEFT analysis in the CDR, one important difference is that the one in CDR assumes

perfect Z-pole measurements, so that the corresponding EW operators can be eliminated in

order to focus on the operators that only contributes to the Higgs and WW processes. This

framework is expanded here to include realistic Z-pole measurements, and the constraints

on the corresponding EW operators are also obtained.
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]
95% CL reach from SMEFT fit

HL-LHC S2
CEPC
Z-pole +WW threshold
+ 240GeV(20/ab) + 360GeV(1/ab) + HL-LHC

light shade: individual fit (one operator at a time)
solid shade: global fit

LEP/SLD included
for all scenarios

FIG. 4. 95% reach on new physics scale (Λ/
√
ci) for various operators at HL-LHC and CEPC. The

solid shaded columns are the results of the global fits, while the light shaded ones are the results

of the individual fits, obtained by switching on one operator coefficient at a time. The operators

are listed in Table IV.

OH = 1
2(∂µ|H|2)2 OGG = g2

s |H|2GAµνGA,µν

OWW = g2|H|2W a
µνW

a,µν Oyu = yu|H|2q̄LH̃uR + h.c. (u→ t, c)

OBB = g′2|H|2BµνBµν Oyd = yd|H|2q̄LHdR + h.c. (d→ b)

OHW = ig(DµH)†σa(DνH)W a
µν Oye = ye|H|2 l̄LHeR + h.c. (e→ τ, µ)

OHB = ig′(DµH)†(DνH)Bµν O3W = 1
3!gεabcW

a ν
µ W b

νρW
c ρµ

OWB = gg′H†σaHW a
µνB

µν O`` = (¯̀
Lγ

µ`L)(¯̀
Lγµ`L)

OT = 1
2(H†

←→
DµH)2 OHe = iH†

←→
DµHēRγ

µeR

OHq = iH†
←→
DµHq̄Lγ

µqL OHu = iH†
←→
DµHūRγ

µuR

O′Hq = iH†σa
←→
DµHq̄Lσ

aγµqL OHd = iH†
←→
DµHd̄Rγ

µdR

TABLE IV. A set of non-redundant dimension-six operators that contributes to the Higgs and EW

processes in our analysis.

IV. FLAVOR PHYSICS

Flavor physics is an inseparable part of the physics case at CEPC. The rich phenomenol-

ogy of flavored final states offers efficient ways to understand the SM better and scrutinize

BSM physics. The paradigm of flavor physics relies on heavy quark or lepton decays, where

the leading SM amplitudes are mediated by the heavy W boson. The decay width of a

fermion f is therefore suppressed by the small m4
f/m

4
W , and f becomes long-lived. Even
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minor theoretical corrections within the SM or BSM effects could reveal themselves on top

of the extremely narrow SM widths.

The Tera-Z phase of CEPC stands at a privileged position of studying flavor physics [3].

By operating at the Z-pole, vast amounts of heavy flavor final states will be produced,

thanks to the large σ(e+e− → Z → bb̄, cc̄, τ+τ−) and a high integrated luminosity. About

O(1011) bb̄, cc̄, and τ+τ− pairs will be produced at the Z factory phase of CEPC. Meanwhile,

mZ is sufficiently larger than mb,c,τ , creating a surplus of energy. Final state particles will

thus be boosted even if they are soft in the rest frame of their mother particle decays,

enhancing measurement accuracies. The abundant energy from Z decays also generates a

variety of hadrons, including many rare (e.g., Bc [85]) and exotic (e.g., tetraquarks [86])

species. Moreover, the cleanness of a lepton collider enables investigating decay modes that

are extremely rare or containing neutral/invisible particles. Finally, unexpected discoveries

may also come from the phases beyond the Z-pole run, such as the WW -threshold or Higgs

factory phases. We summarize representative studies at CEPC and similar projects in the

following.

A. Precise Measurements of Flavor Physics Parameters

Parameters like the meson masses, CKM matrix elements, and CP phases are the cor-

nerstone of flavor physics. Given the merits described above, we expect CEPC to push

precisions of multiple parameters to unprecedented limits. It is also possible that the ev-

idence of BSM physics first appears as discrepancies between precision measurements and

the theory. Experimental approaches to these fundamental parameters have been developed

in the past decades. Measurements at CEPC can follow those well-established methods, or

more likely, by adopting new techniques exploiting the future collider. Examples include

measuring final states with neutral/invisible particles or high track multiplicities, where the

high particle boosts and low backgrounds make CEPC a powerful tool for their searches.

CP violation measurements at CEPC and other Z factory projects are under active

progress. Promising projections are demonstrated when determining several angles like

γ and βs. The Tera-Z precision on the angle βs using the fully charged Bs → J/ψ(→
µ+µ−)φ(→ K+K−) [87, 88] is projected to be ' 0.1◦, comparable to the LHCb extrapolation

after the high-luminosity runs. The phenomenology study on angle γ via a fully-charged
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Bs → D±s (→ K+K−π±)K∓ mode is also conducted [87], resulting a Tera-Z sensitivity about

1◦. Alternatively, the determination of angle γs is also viable by including B± → D0(D̄0)K±

decays [89]. Besides, preliminary analysis on B(s) → 2π0(→ 4γ) decays [90] indicates the

potential of pushing the α angle uncertainty below 2◦, while stronger constraints can be

achieved by measuring B → ρρ decays [91]. Other promising directions include observing

the CP violations in semileptonic B decays and thus CP violations in B mixings [92].

For |Vij| measurements, the global picture is less clear. The most remarkable progress

known is the determination of |Vcb| inW decays, given the abundant W in theWW -threshold

run and latest flavor tagging developments [93]. It serves as a manifest example of runs be-

yond the Z-pole that contribute to flavor physics. The relative size |Vub/Vcb| can also be

determined from semileptonic b→ u(c)`ν transitions [94]. However, systematic exemplifica-

tions of many statements above are not yet available. We hope that such a gap of knowledge

will be fully addressed by future studies.

B. (Semi)leptonic and Rare Decays

Z-pole phenomenology of (semi)leptonic and rare flavor changing neutral current (FCNC)

decays, especially b-hadron decays, is significantly motivated by the recent observation of B

anomalies [95, 96]. These decays are the direct test of lepton flavor universality (LFU) [97]

and thus also sensitive to BSM physics coupling to the lepton sector [98–102].

For charged-current-induced b→ c`(τ)ν transitions, the bottleneck of measurement would

be the τ modes as τ decays lead to extra neutrinos and softer tracks. Breakthroughs in these

channels are expected because of the high final state boost and cleanness at the Z pole. The

first example is the Bc → τν decay, where the constraint from Γ(Bc) is weak [95]. The

CEPC Tera-Z study [103] uses full simulation and leptonic τ decays (see also [104] where

the hadronic decay is used). The sensitivities from both methods agree and the number

of Bc → τν decays is measured O(10−2) level. A work in preparation [105] simulates the

measurements of RDs , RD∗s , RJ/ψ, and RΛc at Tera-Z. All four R values can be pinned down

with precisions of (sub)percent level with high signal-to-noise ratios. The combined results

can push the scale of BSM physics up to the multi-TeV range [106].

Another obstacle emerges when it comes to FCNC rare decays, is their low SM branching

ratio≤ 10−5. Careful background mitigation and accurate event reconstruction are necessary
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to probe such modes at CEPC. Based on the same arguments above, CEPC can bring

unique sensitivities to di-τ modes of b → sτ+τ− [107, 108], where the future sensitivities

from Belle II and LHCb cannot cover the small SM predicted BRs∼ 10−7 [91, 109]. The

Tera-Z sensitivities to BR(B0 → K∗τ+τ−), BR(Bs → φτ+τ−), BR(B± → K±τ+τ−), and

BR(Bs → τ+τ−) decays are evaluated using 3-prong tau decays [108], reaching O(10−5) for

the two-body Bs → τ+τ− mode and O(10−7) for other three-body modes. For the baseline

CEPC luminosity, such sensitivities can O(1) deviations from the SM. For di-muon modes,

the current benchmarks are the B0 → µ+µ− and Bs → µ+µ− measurements [110]. While

the former is primarily limited by statistics and reaching high sensitivity, the later will also

affected by B0 → π+π− decays via π/µ misidentification.

The rare decay with two neutrinos, Bs → φνν̄, are also analyzed with the full CEPC

detector simulation [111]. The estimated relative uncertainty at the Tera-Z stage reaches

≤ 2%. The study also illustrates the accurate kinematic reconstructions and differential

measurements involving a large missing momentum by virtue of the advanced tracking and

calorimetry techniques. It is also noteworthy that the above discussions of CEPC may also

apply to other FCNC rare decays like (double) radiative decays [112] or charm decays [113],

although more thorough studies are needed.

C. Low multiplicity and τ Physics

The large amount of τ ’s produced at the Z-pole are clean and energetic (γτ ∼ 26).

Including the tagging efficiency, the effective τ statistics at CEPC will exceed those at Belle

II [91] or even the future Super Tau Charm Factory [114]. The Z-pole phase of CEPC is

therefore an ideal facility to study τ physics, with the physics reaches extensively discussed

in [115]. On the other hand, the low final state multiplicity of the Z → τ+τ− process

is analogous to many distinct physics cases, e.g., exclusive Z hadronic decays [116] and

e+e− interactions with significant radiative return [117].The phenomenological similarities

between the above physics lead to close connections between their signal identification or

even shared backgrounds.

The current focus of the τ physics at the Z-pole is the charged-lepton flavor violating

(cLFV) interaction in τ and Z decays. As the cLFV interactions are highly suppressed in the

SM, even tiny BSM amplitudes would overwhelm the SM prediction and introduce striking
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signals [118–120]. The latest study also emphasized the complementarity between cLFV Z

and τ decays [121]. The projected sensitivities to two benchmarks τ exotic decays, τ → 3µ

and τ → µγ, are comparable to the Belle II expectations [91]. Additionally, the basic τ

properties (e.g., mass and lifetime) and LFU tests in leptonic τ decays are also appropriate

targets at CEPC. Many aspects of τ physics remain to be fully explored at CEPC, including

the αs determination in hadronic τ decays [122], the τ polarimetry as a measurement of EW

physics [123], the production of τ+τ− bound states [124], and CP violating τ decays [125].

Measurement Current [126] FCC [115] Tera-Z Prelim. [127] Comments

Lifetime [sec] ±5× 10−16 ±1× 10−18 from 3-prong decays, stat. limited

BR(τ → `νν̄) ±4× 10−4 ±3× 10−5 0.1× the ALEPH systematics

m(τ) [MeV] ±0.12 ±0.004± 0.1 σ(ptrack) limited

BR(τ → 3µ) < 2.1× 10−8 O(10−10) same bkg free

BR(τ → 3e) < 2.7× 10−8 O(10−10) bkg free

BR(τ± → eµµ) < 2.7× 10−8 O(10−10) bkg free

BR(τ± → µee) < 1.8× 10−8 O(10−10) bkg free

BR(τ → µγ) < 4.4× 10−8 ∼ 2× 10−9 O(10−10) Z → ττγ bkg , σ(pγ) limited

BR(τ → eγ) < 3.3× 10−8 ∼ 2× 10−9 Z → ττγ bkg, σ(pγ) limited

BR(Z → τµ) < 1.2× 10−5 O(10−9) same ττ bkg, σ(ptrack) & σ(Ebeam) limited

BR(Z → τe) < 9.8× 10−6 O(10−9) ττ bkg, σ(ptrack) & σ(Ebeam) limited

BR(Z → µe) < 7.5× 10−7 10−8 − 10−10 O(10−9) PID limited

BR(Z → π+π−) O(10−10) σ(~ptrack) limited, good PID

BR(Z → π+π−π0) O(10−9) ττ bkg

BR(Z → J/ψγ) < 1.4× 10−6 10−9 − 10−10 ``γ+ττγ bkg

BR(Z → ργ) < 2.5× 10−5 O(10−9) ττγ bkg, σ(ptrack) limited

TABLE V. Projected sensitivities of τ physics at the Z-factory run of FCC-ee [115] and recent

Tera-Z updates [127]. All numbers are presented as absolute instead of relative values. For τ → 3e,

τ → µee, and τ → eµµ limits, we assume the sensitivities are similar to that of τ → 3µ. The

expected reaches for several exclusive hadronic Z decays are also listed.

The low multiplicity of aforementioned τ physics studies also inspires the search for

exclusive Z hadronic decays. In those searches, the hierarchy between mZ and ΛQCD and

small backgrounds offer an excellent chance to test the factorization theorem and extract
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the internal structure of mesons [128]. In Table V, we list the FCC-ee projections provided

in [115] and the comparison with current limits. A preliminary update [127] from the CEPC

full detector simulations and lepton PID performance [129] are also listed for comparison.

V. BEYOND THE STANDARD MODEL PHYSICS

CEPC not only serves as a Higgs factory, but also has a tremendous potential to search

for the direct production of new physics states. In particular, with a very clean collision

background, CEPC has the discovery advantage in many scenarios which are challenging

at hadron colliders due to sizable backgrounds, large pile-up, trigger constraints from high

energy objects, and difficulties in object reconstruction and identification. The identifica-

tion of the Higgs bosons via the recoil mass method together with its high reconstruction

efficiency makes it extremely sensitive to probe the exotic decays of the Higgs bosons at the

CEPC. Moreover, it can also be sensitive to models various new physics scenarios, including

Supersymmetry, Dark Matter, Long-Lived Particles, and more. The rest of the section is

dedicated to describe the reach of the CEPC in probing these new physics scenarios, within

an emphasis on updating the results reported in the CDR [3].

A. Higgs Exotic Decays

New physics could reveal themselves in the Higgs exotic decays, especially hidden sector

dynamics through this generic Higgs portal. The Higgs exotic decay program complements

the Higgs coupling precision measurements and is a critical component of future Higgs

factories.

A survey of lepton collider sensitivities to Higgs exotic decays into final states was initially

carried out in Ref. [130], focusing on challenging channels at hadron colliders. The study

shows promising sensitivities at lepton colliders. This study focuses on two-body Higgs

decays into BSM particles, dubbed as Xi, h → X1X2, which are allowed to decay further,

to up to four-body final states. The cascade decay modes are classified into four cases,

schematically shown in Fig. 5. A large class of BSM physics, such as singlet extensions, two-

Higgs-doublet-models, SUSY models, Higgs portals, gauge extensions of the SM [130–133],

motivates these exotic decay considerations.
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FIG. 5. Representative topologies of the Higgs exotic decays.

For CEPC 240 GeV, the dominant Higgs production is Z-Higgs associated production

process. The Z boson with visible decays enables Higgs tagging using the “recoil mass”

technique. A selection cut around the peak of the recoil mass removes most of the SM

background. A large number of analyses are described in [130], and we summarize the

results in Fig. 6, providing the projection 95% C.L. limits for the CEPC with 20 ab−1

integrated luminosity. We also include the projected LHC sensitivities in gray bars. We use

the up-to-date projected sensitivities for the LHC constraints, but many do not exist or are

very conservative. More recent studies, e.g., Ref. [134] on h→ 4τ , and Ref. [135] on h→ 4b,

show consistent projection on sensitivities as well.

The LHC will provide strong constraints on many channels with muons, electrons, and

photons. For the more challenging channels shown here, which rely on signals from jets,

heavy quarks, and taus, the improvements over the LHC expectations vary from one to

four orders of magnitude. This great advantage benefits from the low QCD background

and Higgs tagging from the recoil mass technique at future lepton colliders. For the Higgs

exotic decays without missing energy, the improvement varies between two to three orders

of magnitude, except for the one order of magnitude improvement for the (γγ)(γγ) channel.

Here the possibility at the LHC of reconstruction of the Higgs mass from the final state par-

ticles provides additional signal-background discrimination power. Channels with electrons,

muons, and photons, which are relatively clean objects at the LHC, can take advantage of

the higher statistics available from the HL-LHC.

Many new and interesting channels deserve further study. Higgs exotic decays of H →
XX → 4f where the intermediate resonant particle X mass is below 10 GeV is one of these

channels. This scenario is particularly motivated by the recent discussion of the connection

between Higgs exotic decay and strongly first-order electroweak phase transitions [136, 137].

In this region, the particle X can be long-lived, so the study should be extended into long-
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FIG. 6. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC

and CEPC, based on Ref [130]. The CEPC curves are derived using results from Ref [130] with

leptonic decaying Z boson in the e−e+ → ZH process. The CEPC∗ scenario further utilizes the

hadronically decaying Z boson and includes an estimated (indicative) improvement of 40%. Each

set of three bars describes a different topology of exotic Higgs decay. For a recent review on current

LHC constraints, see Ref. [133].

lived particle regime [138].

Another example is the Higgs decay into a dark shower, that is, a shower of dark-sector

particles.[139] These can either decay promptly or be long-lived and their decay back to

visible SM particles can be either hadronic or leptonic. The process is motivated by generic

considerations of hidden sector strong dynamics. It also appears in the discussion of neutral

naturalness [140]. Current studies have been focusing on the Higgs decays into a pair of

twin glueballs [138, 141–145], but this is only a subclass of the generic Higgs decays into

these final states. This dark shower channel is also motivated by the class of models with

a large number of light scalars [146], e.g., NNaturalness [147], EW scale as a trigger [148],

and delayed or non-restored electroweak symmetry [149–152].

B. Supersymmetry

Supersymmetry (SUSY) provides an intriguing candidate to solve the gauge hierarchy

problem in the Standard Model (SM). In Supersymmetric SMs (SSMs) have many appealing
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features, including gauge coupling unification, dynamical electroweak symmetry breaking.

In addition, the Lightest Supersymmetric Particle (LSP) such as neutralino can serve as

a viable dark matter (DM) candidate with R-parity conservation. The SUSY searches at

the LHC have already set strong constraints on the SSMs [153–156]. The CEPC will run

at much lower energies. At the same time, it can be complementary in covering parameter

spaces which are difficult for the LHC to reach. This is particularly important for the search

for some of uncolored new physics particles. In this section, as a demonstration, we present

recent studies of a couple such examples. In addition, the precision measurements at the

CEPC can also probe SUSY even without direct production of the new particles. To give

an example of such an approach, we will show a recent study of a global using GAMBIT.

1. Light electroweakino and slepton searches

In this section, we will present recent studies of the reach of the CEPC on several scenarios

with light electroweakino and sleptons. These scenarios can have various physics motivations

(for some examples, see [157–160]).

---- Prospected Limit at CEPC

5

which shows that the selections on the Mrecoil and Mµµ are
efficient to distinguish between SUSY signal events and SM
background processes. The event yields from the dominant
background processes and the reference signal points af-
ter signal region reqiurements are in Table 4, and the main
background contributions are from ZZ or WW! µµnn , µµ
and tt processes. The expected sensitivities as function of
µ̃ mass and c̃0

1 mass for the signal regions with systematic
uncertainty of 0% and 5% for direct smuon production are
shown in Figure 5. For each signal point, the signal region
with best Zn has been chosen in sensitivity map in Figure
5. With the assumption of 5% flat systematic uncertainty,
the discovery sensitivity can reach up to 117 GeV in smuon
mass, which is not too much effected by systematic uncer-
tainty of detectors.

(a) SR-highDeltaM:Mrecoil (b) SR-highDeltaM:Mµµ

(c) SR-midDeltaM:Mrecoil (d) SR-midDeltaM:Mµµ

(e) SR-lowDeltaM:Mrecoil (f) SR-lowDeltaM:Mµµ

Fig. 4 ”N” or ”N-1” distributions of used variables after signal region
requirements for direct smuon production, except the variable itself,
have been applied. The low pad is the Zn which calculated with statis-
tical uncertainty and 5% flat systematic uncertainty

(a) systematic uncertainty = 5% (b) comparison between system-
atic uncertainty = 0% and 5%

Fig. 5 The expected sensitivities as function of µ̃ mass and c̃0
1 mass

for direct smuon production signal regions with systematic uncertainty
of 0% and 5% assumption

3.3 Summary of slepton search

The 5 s contours with 5% flat systematic uncertainty of
these two scenarios are shown in Figure 6. With the as-
sumption of 5.05 ab�1 and 5% flat systematic uncertainty,
the discovery potential can reach up to 116 GeV(117 GeV)
for direct t̃ (µ̃) production.

Fig. 6 The 5 s contour of direct t̃ production and direct µ̃ production
with 5% flat systematic uncertainty.FIG. 7. Left plot shows the observed and expected exclusion limits on simplified SUSY models for

chargino-pair production with Higgsino-like LSP obtained by ATLAS. The observed limits obtained

by LEP are shown with light grey. The prospected limits at CEPC are also shown in the dotted

purple line for rough comparison. Right plot shows the 5σ discovery contour (solid line) and 2σ

exclusion contour (dashed line) for the direct stau production and direct smuon production with

5% flat systematic uncertainty.
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The light Higgsino particles, well-motivated by naturalness conditions, tend to have small

mass splitting among the chargino and neutralino. Therefore, they are quite challenge to be

probed in the LHC experiments due to the very soft decay products. The sensitivity studies

for chargino pair production by considering scenarios for both a Bino-like and a Higgsino-

like neutralino as the LSP have been performed and published at [161]. With the cleaner

collision environment and better low energy particle reconstruction, CEPC has shown the

capability of probing the very compressed region.
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FIG. 8. Left : acceptance of signal and background processes as functions of mB̃. Here the accep-

tance of background process has been multiplied by 10,000. Right : 2σ exclusion and 5σ observation

limits on the mẽ−mB̃ plane at a future lepton collider running with an integral luminosity 5.6 ab−1

and center-of-mass energy 240 GeV. Regions below the red (blue) curves are observable (excluded).

A light Bino (SUSY partner of U(1)Y gauge boson, to be labeled as B̃) (O(10) GeV

scale) are still not excluded by the current SUSY searches. A search for light bino scenario

(motivated by Gauge-Mediated SUSY Breaking [162]) at CEPC has been performed [163],

in which bino is the next-to-lightest supersymmetric particle (NLSP), while the lightest

supersymmetric particle (LSP) and dark matter candidate is the sub-GeV gravitino (to be

labeled as G̃). The process of bino pair production via a t-channel selectron (labeled as

ẽ), where bino subsequently decay to gravitino and a photon, has been considered, namely

e+e− → B̃B̃ → γγG̃G̃. The corresponding dominant background process is e+e− → γγνν̄
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(via Z boson invisible decay), which has been suppressed by a dedicated cut-flow using a

list of kinematic variables with good signal and background seperation power. The study

shows that CEPC is able to exclude selectron lighter than 4.5 TeV (2 TeV) with bino mass

around 10 GeV (100 GeV), see Fig. 8, which is much larger than current LHC bound which

exclude selectron mass up to several hundreds GeV.

Light smuon and stau particles are interesting to search for in their own right, and they

are also favored by the latest muon g-2 excess. At the same time, it is challenging to search

them at the LHC, especially in the region where their masses are close to that of the LSP.

Such regions are also favored by dark matter relic density requirements. They have also

been explored with CEPC detector [164]. Assuming a flat 5% systematic uncertainty, the

discovery sensitivity can reach up to 117 (116) GeV for smuon (stau) mass via direct smuon

(stau) production. The above results can fill a significant region in the gap in the LHC

search.

Somewhat heavier selectrons, above the kinematic limit for direct production, can also

be searched for in the process [165]: e+
Re
−
R → χ̃0

1(bino) + χ̃0
1(bino) + γ. The reach depends

on the model assumptions. For example, if the relic abundance requirement is satisfied by

LSP annihilating through the Z-pole, the right-handed selectron will be excluded up to 180

(210) GeV respectively at 3(2)σ. On the other hand, if the annilation through the Higgs

pole dominates, right-handed selectron will be excluded up to 140 (180) GeV at 3(2)σ.

For both electroweakino and slepton searches, the discovery potential can reached up to

the kinematic limit of the detector
√
s/2, and cover interesting parameter regions. It is shown

that CEPC can have its own role to play in the search for SUSY. The examples shown here

have a minor dependence on the reconstruction model and detector geometry. Moreover,

these results can be considered as a reference and benchmark for similar searches at other

proposed electron-positron colliders, such as the Future Circular Collider ee (FCC-ee) or

the International Linear Collider (ILC), given the similar nature of the facilities, detectors,

center-of-mass energies, and target luminosities.

2. SUSY global fits

In this section, we present a study of the impact of the Higgs and electroweak precision

measurements at the CEPC with GAMBIT global fits of several constrained versions of the
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FIG. 9. The profile likelihood ratio in the CMSSM for the present (top left panel) and for the

future with additional CEPC measurements (bottom panels), with 68% and 95% CL contours

drawn in white, and the best-fit point indicated by a star. The top right panel shows mechanisms

for ensuring that the dark matter relic density does not exceed the measured value in 2σ contours

of present likelihoods. We use values of the best-fit point in CMSSM to set the central values

of measurements at CEPC, and the theoretical uncertainties are k = 1/5 times smaller than the

current SM Higgs theoretical uncertainties.

MSSM, namely the Constrained Minimal Supersymmetric Standard Model (CMSSM), the

Non-Universal Higgs Mass generalisations (NUHM1 and NUHM2) and the seven-dimensional

weak scale phenomenological MSSM (MSSM7) [166]. Besides the likelihoods of Higgs and

electroweak measurements at the CEPC, the global fits include several direct and indirect

dark matter searches, a large collection of electroweak precision and flavor observables,
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direct searches for SUSY at the LEP, and Runs I and II of the LHC. We showed that the

CEPC can further test the currently allowed parameter space of these models, advance our

understanding of the mass spectrum, and be complementary to the dark matter searches,

as illustrated in Figure 9.

C. Dark Matter and Dark Sector

There are plenty of evidence for the existence of Dark Matter (DM) from astrophysical

and cosmological observations, and detecting DM at the colliders is very important as a

complementary of direct and indirect detection experiments. And we have many ways to

probe DM at colliders. The case of the SUSY LSP (Bino, Higgsino, Wino, Gravitino, Axino

etc.) in the SSMs have already been discussed in the previous sub-section. More broadly,

thermally produced light DM particles can also couple to the SM through various portals,

such as the lepton, Higgs, or dark quark portals. Many studies have been carried out in this

scenario. In this section, we present several new results which highlight the capability of the

CEPC.

1. Lepton portal Dark Matter

In many WIMP models, the signals for direct and indirect detection can be suppressed. In

this case, the collider searches are crucial. One such example is the lepton portal model [167],

in which a Majorana DM candidate, denoted as χ, couples to the SM right-handed leptons

`R via a complex charged scalar mediator S via y`χ̄L`RS
†. Reference [168] studied the

collider phenomenology of this model and the interplay with the gravitational wave (GW)

astronomy. The masses of DM and mediator, as well as the lepton coupling y` and the Higgs

portal coupling |S|2|H|2 can be probed at the CEPC via the pair production of mediators

e+e− → S±(∗)S∓ → `+χ`′−χ, exotic decays of the Higgs or Z boson, h/Z → S±(∗)S∓(∗) →
`+χ`′−χ and h→ χχ, and the Higgs couplings, including h`+`−, hγγ and hZZ. In addition

to the collider signals, the model might trigger a first-order phase transition in the early

Universe, provided that the mediator mass parameter µ2
S is negative, and the portal coupling

λHS is large enough. In this case, the phase transition GWs can also be a probe of the

model. Figure 10 shows the LISA projections and the CEPC Higgs precision measurement
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FIG. 10. Figure from Ref. [168], the interplay between GW detection and future e+e− collider

searches. The gray shaded region is the LISA detectable parameter space. From left to right, the

sensitivities for λHS are shown from future CEPC precision measurements, in which the region

above a given mχ (corresponding to a colored line) can be probed.

sensitivities for comparison, where the overlap of the parameter space reachable by the two

probes can be used for crosschecking any potential excess and obtaining more information.

For the rest of the parameter space, the two approaches are complementary. The idea of

Ref. [168] can be generalized to other WIMP models that are difficult to be probed in the

direct and indirect detections, especially the models with scalar DM and/or mediators in

which a first-order phase transition may happen.

2. Asymmetric Dark Matter

In addition to DM, the observed baryon asymmetry of the Universe (BAU) is also a main

puzzle in cosmology and particle physics. Current measurements show that the abundance

of baryon and DM are roughly at the same order of magnitude (ΩDM ' 5ΩB) [169, 170].

This coincidence provides the motivation to consider the so-called “asymmetric DM” (ADM)

model [171–174].

A new ADM model has been proposed and studied in [175]. In this model, the dark

sector is charged under a dark QCD, SU(3)′, and the mass of DM is generated via the dark

confinement (so our DM is actually a “dark baryon”). Furthermore, to generate dark and

visible asymmetry simultaneously, we introduce a scalar mediator (labeled as Φ) that is

charged under SU(3)′ and standard model (SM) U(1)Y . Mediator Φ couples to dark quark
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(labeled as q′) and SM right-hand leptons, and thus provide a portal for us to search for.
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FIG. 11. Left: An illustration of the signal process at CEPC. Detector is represented by two

circles. Black dotted lines and red solid lines are dark pions and muons, respectively. Right: 2 σ

exclusion limits on the mediator mass mΦ as a function of the dark pion proper decay length, with

coupling κ fixed to 0.5 and 1.0 respectively.

The Lagrangian related to collider search is

L ⊃ q̄′(D/−mq′)q
′ + (DµΦ)†(DµΦ)−m2

ΦΦ†Φ− 1

4
G′

µν
G′µν − (κΦq̄′LlR + h.c.) , (2)

where G′µν is the field strength of dark gluon. Mediator Φ can be produced in pairs at LHC

via the Hyper charge it carries. Then Φ decays to a SM lepton and a dark quark q′. While

on CEPC, q′q̄′ can be produced directly via a t-channel Φ. Due to the dark confinement, q′

will hadronize to a cluster of dark mesons (labeled as π′). Dark meson π′ (long-lived) will

decay to lepton pair via the Φ portal, and leave displaced vertex inside detector. Fig. 11

(left) shows the predicted signal process on CEPC for illustration. The study shows that

CEPC has the ability to cover a large parameter space of this model, see Fig. 11 (right).

The mass of mediator can be excluded up to O(10) TeV, if the proper lifetime of dark pion

π′ is between 10 mm and 10 m. This bound is stronger than the limit from current ATLAS

displaced lepton jet search result [176].

3. Dark sector from exotic Z decay

Operating in the Z-factory mode, the CEPC can produce on the order of 1012 of Zs (Tera-

Z). At the same time, CEPC has less QCD background and fixed center of mass energy,
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these features help us to reconstruct missing energy of final states and easier to distinguish

DM signal from the SM background. Hence, comparing to the LHC, the CEPC [3, 177] has

some unique advantages in the search for the dark sector.
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FIG. 12. The reach for the branching ratio of various exotic Z decay modes at the future Z-factories

(Giga Z and Tera Z) and the HL-LHC at 13 TeV with L = 3 ab−1. The sensitivities in general

generally also depend on model parameter, such as the masses of the mediator and dark matter

(see Fig. 13 for some examples). The dark colored regions with solid boundary represent the reach

for worst case in the parameter space the, while the lighter regions with dashed boundary indicates

reach in the the best case.

In [178], we have studied a broad range of dark sector models and model independent

exotic Z decay channels at future e+e− colliders with the Giga Z and Tera Z options. Four

general categories of dark sector models have been included: Higgs portal dark matter, vector

portal dark matter, inelastic dark matter and axion like particles. Focusing on channels

motivated by the dark sector models, a model independent study of the sensitivities of Z-

factories are also carried out. The results are compared with the reach of high luminosity

LHC (HL-LHC). The final states of the exotic decays are categorized according to the number

of resonances, and possible topologies. The projected reach for those channels is shown in

Fig. 12. In comparison with the HL-LHC, the future Z-factories can be more sensitive to

many interesting decay modes.
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FIG. 13. The reach of direct detection (red), indirect detection (brown), and searches at e−e+

collider (blue) in the ε vs. mK plane. We fix gD = 0.01, mχ = 0.2mK (left panel) and mχ =

0.495mK (right panel). We also show the contours when χ satisfies the relic density measurement by

the Planck collaboration [179] as black dashed lines. The existing constraints from LEP electroweak

precision measurements (LEP-EWPT) and the BaBar search for the K̃ invisible decay (BaBar)

are also included.

In addition to the Z factory mode, new hidden states can be associated produced with Z

and H bosons at the CEPC. In [180], we studied the reach of an ultraviolet (UV) model:

Double Dark Portal model from this production mode at CEPC with L = 5 ab−1. This

model contains both vector and scalar portals. The collider searches do not depend sensi-

tively on the dark matter mass, as long as the dark photon can decay to dark matter. On the

other hand, the constraints from dark matter detection and indirect detection experiments,

as well as the relic abundance requirement, are sensitive to the dark matter mass. We also

emphasize that the collider constraint is not sensitive to the coupling between the DM and

the mediator, as long as the invisible decay of dark photon dominates. Therefore, the reach

from a future e+e− collider will complement and supersede that of the dark matter searches.
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D. Long-lived Particle Searches

Many new physics theories predict Long-Lived Particles (LLPs) [181–186], which have

detectable macroscopic decay lengths. The long lifetime can be due to feeble couplings with

the SM particles, phase space suppression, or heavy mediators.

The LLPs, after being produced at colliders, travel a macroscopic distance before decaying

into other SM and/or new particles, which gives interesting signal in detectors. If LLPs

are neutral and they can decay into visible objects, they will lead to the typical “Displaced

Vertex” (DV) signature, which means that the decay vertex of LLP is considerably displaced

from its production vertex. On the other hand, they lead to the so called “disappearing

track” signature for charged LLPs.

The displaced distance depends on the lifetimes and velocities of LLPs. When their

lifetimes match the size of a usual detector (such as ATLAS, CMS, or a general purpose

detector at the CEPC) at an interaction point (IP), which we call “near detector” or abbre-

viate as “ND” in this section, the LLPs have a significant probability of decaying inside the

detector. When LLPs have much longer lifetime, since LLPs usually have feeble couplings

to the detector material, neutral LLPs are more likely to decay outside the ND, contribute

to the missing energy. A detector far away from the IP, which we call “far detector” or

abbreviate as “FD” in this section, can also be beneficial since it would not have a lot the

background coming from the hard collision.

1. Results with Near Detectors

1.1 Light Neutralinos from Z-boson Decays

Ref. [187] investigates the potential of detecting the LLPs for the near detector of

CEPC/FCC-ee. Long-lived lightest neutralinos pairs (χ̃0
1χ̃

0
1), in the context of the R-parity

violating supersymmetry (RPV-SUSY), are produced from Z−decays. The analysis indi-

cates that when assuming BR(Z → χ̃0
1χ̃

0
1) = 10−3 and mχ̃0

1
∼ 40 GeV, the model parameter

λ′112/m
2
f̃

can be discovered down to as low as ∼ 1.5×10−14 (3.9×10−14) GeV−2 at the CEPC

and FCC-ee operating in the Z-pole mode with 16 (150) ab−1 integrated luminosity. Fig. 14

shows sensitivity estimate of the CEPC (grey) and the FCC-ee (green) presented in the 2D

plane of λ′112/m
2
f̃

vs. mχ̃0
1

assuming BR(Z → χ̃0
1χ̃

0
1)= 10−3. Limits are compared with other
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experiments, and results exceed the projected sensitivity reaches of the ATLAS experiment

at the HL-LHC and the proposed LHC experiments with far detectors (AL3X, CODEX-b,

FASER, and MATHUSLA). More results can be found in Ref. [187].

FIG. 14. The discovery limits of long-lived neutralinos for the near detector of CEPC/FCC-

ee [187]. The solid contour curves correspond to three decay events in the fiducial volume when

considering all decay modes of χ̃0
1, while the dashed lines include only visible/charged decay modes

(K(∗)±e∓, e−us or e+ūs̄). The estimates for experiments at the LHC: AL3X, CODEX-b, FASER

and MATHUSLA, are reproduced from Refs. [188, 189]. The ATLAS results correspond to HL-LHC

with
√
s = 14 TeV and 3 ab−1 integrated luminosity. The black horizontal dashed lines correspond

to the current RPV bounds on the single coupling λ′112 [190] for three different degenerate sfermion

masses mf̃ = 250 GeV, 1 TeV, and 5 TeV as labelled.

2. Results with FADEPC

Inspired by the proposed new experiments MATHUSLA [191, 192], CODEX-b [193],

FASER [194], AL3X [193] and ANUBIS [195], Ref. [196] has proposed to install Far Detectors

at the Electron Positron Collider (FADEPC), which are new detectors at a position far from

the interaction point (IP) at generic high energy e−e+ colliders such as the CEPC, FCC-ee,

ILC and CLIC [197]. Ref. [196] has developed eight different designs of such far detectors

(“FD1−FD8”) by varying the locations, volumes, and geometries. The design with small

geometry size can be placed inside the experiment hall or can be placed in a cavern or shaft
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near the experiment hall. Other designs have big volume and can be placed on the ground

above the IP.

The discovery potential of such FDs for four physics scenarios has been investigated in

Refs. [196, 198]. It was found that such new experiments with far detectors at future lepton

colliders can extend and complement the sensitivity to the LLPs of the experiments at the

future lepton colliders with usual near detectors and the present and future experiments at

the LHC.
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Fig. 15. The reachs for Br(h → XX) of the CEPC/FCC-ee’s far detectors FD1, FD3, FD6,

compared with predictions for the CEPC/FCC-ee’s near detector (ND) and for AL3X, CODEX-b

and MATHUSLA100 [196].

2.1 Light Scalars from Exotic Higgs Decays

Ref. [196] considered the Higgs bosons decaying into a pair of light scalars X: h→ XX,

varying the proper decay length (cτ) of X and branching ratio of the Higgs boson decaying

into a pair of X, Br(h → XX), so as to find the sensitive parameter spaces for various

far detector designs. Fig. 15 presents the results in the Br(h → XX) vs. cτ plane for

benchmark value of mX = 0.5 GeV. It compares the sensitivity projections of FD1, FD3

and FD6, with those of the CEPC/FCC-ee’s near detector, and of other future detectors at

the LHC such as CODEX-b [193], MATHUSLA [199] and AL3X [200]. More results can be

found in Ref. [196].

2.2 Heavy Neutral Leptons

Ref. [196] considered the heavy neutral leptos (HNLs) produced from Z−decays at an
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different integrated luminosities LZ [196].

e−e+ collider running at the Z−pole, and made sensitivity predictions for both the far de-

tectors FD1−FD8 and near detectors at the CEPC and FCC-ee. Fig. 16 compares the

performance of the CEPC/FCC-ee’s ND, FD3, and FD6 for a variety of integrated lumi-

nosities LZ . For LZ = 750 ab−1, they find that FD6 may reach ∼ 10−11 for mN between 10

and 20 GeV. Furthermore, the previous limits all assume only one single HNL mixes with

one single generation of active neutrino generations. If one HNL has equal mixings with all

three active neutrino generations, i.e. |VeN |2 = |VµN |2 = |VτN |2, with LZ = 750 ab−1, the

combination of FD6 and the near detector at the CEPC or FCC-ee may probe the Type I

seesaw model for mN between 10 and 60 GeV. The strategy is thus able to test the Type I

seesaw model directly in such case. Limits are also compared with other experiments and

details can be found in Ref. [196].

2.3 Light Neutralinos from Z-boson Decays

Ref. [196] considered the case of a pair of the lightest neutralinos from Z decays, Z →
χ̃0

1χ̃
0
1, in the context of RPV-SUSY. Fig. 17 compares the sensitivity reaches of representative

far detectors with those of the CEPC/FCC-ee’s near detector, and future experiments at

the LHC. The black horizontal dashed lines correspond to the current RPV bounds on the

single coupling λ′112 [190] for three different degenerate sfermion masses mf̃ = 250 GeV, 1

TeV, and 5 TeV as labelled. The 3-signal-event isocurves of the near detectors at the CEPC

and FCC-ee are reproduced from Ref. [187] by adopting the CEPC’s baseline detector, and
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the predictions for future LHC detectors (CODEX-b, FASER, MATHUSLA and AL3X) are

extracted from Refs. [188, 189] for the same physics scenario. More results including the

sensitivities for the signal scenario at HL-LHC with
√
s = 14 TeV and 3 ab−1 integrated

luminosity can be found in Ref. [196].

2.4 Axion-like Particles

Ref. [198] investigates FDs’ potential for discovering long-lived axion-like particles (ALPs)

via the process e−e+ → γ a, a → γγ at future e−e+ colliders running at center-of-mass

energy of
√
s = 91.2 GeV and integrated luminosities of 16, 150, and 750 ab−1. Sensitivities

on the model parameters are estimated in terms of the effective ALP-photon-photon coupling

Cγγ/Λ, the effective ALP-photon-Z coupling CγZ/Λ, and ALP mass ma. Fig 18 presents

the discoverable parameter space of the FD1, FD3, and FD6 in the Cγγ/Λ vs CγZ/Λ plane

for various ALP mass values when both CγZ and Cγγ can freely change. Results for CγZ = 0

and CγZ = Cγγ cases and more details can be found in Ref. [198].

E. A couple more examples of exotics

There are more scenarios in which the new physics couples to the SM electroweak bosons.

The search for such new physics can benefit from the high luminosity at CEPC’s Z-pole and

Higgs factory runs. Precision measurement on Z, h width and decay products offer powerful
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FIG. 18. Reaches for ALPs of far detectors with ma = 10 GeV (solid line), 40 GeV (dotted line),

and 90 GeV (dashed line) [198].

test of exotic processes, including but not limited to lepton number/flavor violation, sterile

states, axion-like particles. Low hadronic activity level at the CEPC avoids major ISR

contamination and offers high identification rate to signals that typically contain comparably

soft leptons, photons and jets.

1. Heavy neutrinos

Motivated by explaining the neutrino mass, testing the seesaw mechanism [201–205] in-

cludes the search of heavy neutrinos at colliders. In models with massive right-handed

neutrino(s), the tiny mass of the active neutrino ν is generated by mixing the SM left-

handed neutrino (νL) with massive hypothetical NR, resulting in a heavy mass eigenstate

N that has a small SM νL component whiling giving ν a small mass. The heavy N talks to

SM model gauge bosons via its weakly charged νL component [206] and has been extensively

studied at colliders such as the LHC [207–212] using production channels via its weak cou-

pling to SM bosons, or new physics interactions in models with a more extended interaction

sector. Massive neutrinos’ weak production its proportional to their νL mixing, typically

suppressed as |VlN | ∼ O(
√
mν/mN) in vanilla Type-I like scenarios, while larger mixings

are also possible [213]. A complementary N production channel at the weak scale is via the

Higgs boson, where N couples to BSM scalars that mix with the Higgs, and N acquires an
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hNN coupling which is not suppressed by the smallness of active neutrino mass. For recent

theory reviews, see [214, 215] and references therein.

SM `±`± Pre-cut N` and SS dilepton Jet counting Missing ET

Bkg.

4τ 1.69× 104 870 4.6× 10−2 7.7× 10−3

2τZ 6.80× 105 2.91× 103 4.6 0.93

2`Z 1.74× 106 3.98× 103 - -

4τZ 93.0 2.0 0.19 5.9× 10−2

2τ2W 4.42× 103 63.6 0.92 8.2× 10−2

2`2τZ 584 13.8 2.0 0.75

4`Z 862 16.5 2.2 2.1

2`2W 2.74× 104 639 11.7 1.2

TABLE VI. Cut flow table the event numbers of the SM processes in the `±`± channel at
√
s = 240

GeV and 5.6 ab−1 integrated luminosity. Selection cuts on the flavor, sign and number of the

leptons, and the number of jets are efficient in removing background. Adapted from [216].

CEPC can search for heavy N within the kinematical reach of the center of mass energy.

There have been studies on the weak single N production at CEPC in the process e−e+ →
νN for center-of-mass energy

√
s = 240 GeV [217], and on high luminosity Z-pole running

mode [218, 219]. As N has a large Majorana mass, lepton number violation occurs in

N decay. Same-sign, same flavor dileptons, and a reconstructable N mass peak of final

state lepton-jet system are the ‘smoking gun’ signals [220] for heavy N search. CEPC is

designed to yield ∼4M Higgs events. The high identification efficiency for soft leptons and

low hadronic background at the CEPC offers a clean search opportunity for h→ NN . The

dominant Higgs production channel at CEPC is e+e− → Zh. The associated Z complicates

the signal and background analysis, as the Z boson’s decay products can be confused with

those from heavy N decay. On the other hand, with an extra Z boson, the SM backgrounds

can also be suppressed by requiring one more weak vertex. The leading SM backgrounds

are from multi-tau production with one or two associated weak vector bosons (V = W,Z),

e.g. 4τ, 4τV, 2τ2`V , etc., in which non-isolated and missing leptons can lead to same-sign

same-flavor lepton pairs.

SM background analysis of the n-lepton (n ≥ 2) channels with at least one set of same-
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FIG. 19. The projected CEPC sensitivities, 2σ (solid) and 5σ (dashed), to the decay branching

ratio of h → NN for 2-4` channels. Sensitivities at 240 GeV and 5.6 ab−1 are comparable to

HL-LHC projections [221]. Figure adapted from [216].

sign dileptons [216] shows that the semileptonic heavy N decay, requiring only one same-sign

lepton pair, gives higher sensitivity than fully leptonic N decay channels. Jet and lepton

number counting plays an essential role (see Table VI) in removing the SM background

contamination. Leptonic decay of the associated Z boson also leads to a same-sign same-

flavor trilepton signal. For CEPC 240 GeV @ 5.6 ab−1 luminosity, multi-lepton rare decay

search for h → NN will be sensitive to Higgs-BSM scalar mixing angle up to around

| sinα|2 ≤ 10−4. The reaches on multi-lepton Higgs rare decay branching ratios are shown

in Fig. 19.

2. Axion-like particles

To solve “strong-CP” problem, one solution is called Peccei-Quinn mechanism proposed

by Peccei and Quinn, which predicts the existence of QCD axion [222–224]. The axion-

like particle (ALP) is a generalization of the QCD axion, which is predicted by new physics

models with the breaking of a global U(1) symmetry [225–228]. The prospects for discovering

ALPs via a light-by-light (LBL) scattering at two colliders, the future circular collider (FCC-

ee) and circular electron-positron collider (CEPC), have been investigated. The promising

sensitivities to the effective ALP-photon coupling gaγγ are obtained. The study shows that

the FCC-ee and CEPC can be more sensitive to the ALPs with mass 2 GeV - 10 GeV than
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the LHC and CLIC [229].

VI. DETECTOR REQUIREMENTS AND R&D ACTIVITIES

The CEPC is a multi-purpose, large collider facility. It has a highest physics event rate

of the order of 105 Hz and is expected to be operated for decades. It is very challenging

to maintain and monitor the stability of the detector system for such a long time. Similar

long-term difficulties arise in beam energy calibration and luminosity measurements.

The extremely high statistics of physics events and rich physics objectives at the CEPC

impose stringent and multi-fold physics requirements for its detector system. The CEPC

detector shall have a very compact machine detector interface, because the final focus sys-

tem at the circular collider requires its last quadrupole magnet to be placed close enough

to the interaction point. The CEPC detector shall also provide large solid angle coverage,

high accuracies on final state particle energy and momentum measurements, highly efficient

reconstruction of secondary vertexes, and excellent reconstruction on the jet: its energy,

momentum, flavor type, and Charge. The CEPC detector designs are based on the strict

performance criteria required to offer a precision physics program that tests the Standard

Model and explores new physics over a wide range of center-of-mass energies and luminosi-

ties.

A primary requirement for the CEPC detector is to efficiently reconstruct individual final

state particles, especially those from hadronically decayed W, Z, and Higgs bosons.

The efficient reconstruction of individual final state particles provides a solid basis for a

high efficiency-purity identification and reconstruction of all physics objects. These physics

objects include single particle physics object like leptons and photons, and composite physics

objects such as π0, Λ, K0
S, τ lepton, and jets.

The efficient reconstruction of individual final state particles could also significantly im-

prove the accuracy of energy and momentum measurements of composite physics objects:

once individual final state particles are identified, their energy and momentum could be

measured in the optimal sub-detector systems.

The identification of signal event, and the consequent accuracy of the corresponding

physics measurements, strongly rely on the identification and reconstruction of the key

physics objects, as well as on the accuracies of their energy/momentum reconstruction.



49

Therefore, the efficient reconstruction of individual final state particle becomes a critical

requirement for the CEPC detector.

On top of the efficient reconstruction of individual final state particle, we would like to

emphasize two sets of physics requirements.

The first set of requirements aims at a successful program of flavor physics measurements.

Being a Tera-Z factory, the CEPC can perform multiple flavor physics measurements at

its Z pole operation, including the time-dependent CKM measurement, the rare decays,

search for lepton flavor violation signal, and test of the lepton flavor universality, etc. Many

measurements need to identify the objective heavy hadrons in Z → qq̄ events, while these

objective hadrons decay rapidly inside the fiducial volume of the detector. Therefore, it is

critical to identify the objective heavy hadron decay final state – from all the surrounding

final state particles in the same jet.

Clearly, these physics measurements appreciate an efficient reconstruction of individual

final state particles. A precise reconstruction of the energy-momentum of these individual

final state particles can also significantly boost the signal-to-noise ratio in relevant physics

measurements. An highly efficient reconstruction of the jet flavor type (from what type

of quark or gluon the jet actually originates from) could also strongly suppress the back-

ground. In addition, multiple time-dependent CKM measurements requires a highly efficient

determination of the jet charge.

A precise identification of the particle type, especially the identification of charged kaons,

is critical to reduce the combinatorial background. Looking into the benchmark reconstruc-

tion performance of K±, φ, Λ, and b− or c− hadrons decaying into the final state with

charged kaons, we believe that the CEPC detector shall provide a pion-kaon separation bet-

ter than 3-σ. Note that a decent PID not only benefits the flavor measurements at the Z pole,

but can also enhance the performance of jet flavor tagging and jet charge measurements.

The second set of requirements aims to maximize the scientific output from physics mea-

surements with hadronic final states. The CEPC is a high-yield heavy Standard Model

particle factory. The majority of W, Z, and Higgs bosons decay into hadronic final states,

97% of the Higgs events at CEPC decay into hadronic or semi-leptonic final states. Be-

cause the electron-positron collider is free of QCD background, the physics measurements

with hadronic final states are strong comparative advantages of the electron-positron collider

compared to the hadron collider, especially those to reveal the coupling behaviors betwen
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the Higgs boson and its hadronic decay final states. The reconstruction performance of the

hadronic final state can be characterized by Boson Mass Resolution (BMR), which is defined

as the relevant mass resolution of the hadronic system, especially the hadronically decayed

Higgs boson.

For a ZH event decaying into semi-leptonic final state, the identification of its hadronic

system can be straightforward. Meanwhile, the semi-leptonic ZZ events can be the irre-

ducible background for the ZH signal, for example, the qqH,H → invisible signal versus

the ZZ → ν background, and the qqH,H → ττ signal versus the ZZ → qqττ background.

For these measurements, the recoil mass of the hadronic system can be used to distinguish

the ZH signal from the ZZ background. Quantitative analyses show that a BMR better

than 4% is therefore required [3]. A detector that provides a BMR better than 4% can

also separate the hadronically decayed W, Z, and Higgs bosons through their invariant mass

distribution. The CEPC can perform intensive flavor physics measurements with neutrino

final states. These measurement will certainly benefit from the decent BMR performance.

From the view point of sub-detectors, the CEPC detectors must be able to discriminate b-

jets, c-jets, and light jets from each other in order to quantify the coupling of the Higgs boson

to the charm quark, which relies on the high-accuracy, high-efficiency, and low-material

vertex detector placed close enough to the interaction point. For the tracking system, per

mille level relative precision on track momentum resolution is essential to obtain decent

sensitivity for the H → µ+µ− measurement, and is highly appreciated for multiple flavor

physics measurements at the Z pole. A good ECAL energy resolution is beneficial to the

H → γγ measurement, as well as multiple flavor measurements with photon or π0 in the

final state. The measurement of inclusive Higgsstrahlung cross section from Z(→ qq̄)H

events requires not only an excellent reconstruction of the hadronic system, but also a clear

identification of the hadronically decayed Z boson. Hunting for the dark matter via the Higgs

invisible decay requires a good reconstruction of the missing energy and momentum. The

latter two drive actually the performance requirements on the BMR, and the identification

of Color Singlet in full hadronic physics events.

To fulfill these physics requirements, multiple detector concepts are proposed, and an

intensive R&D program on several sub-detector systems has been performed [3]. At the

CEPC CDR, two basic detector designs are investigated: a baseline detector concept with

two approaches of tracking systems and an alternative detector concept to meet the require-
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ment on jet energy resolution (which is highly correlated with BMR). The baseline detector

design combines the particle flow principle with a precision vertex detector, a time projection

chamber, a silicon tracker, a 3-Tesla solenoid, a high granularity calorimeter, and a muon

detector. A full silicon tracker is also an option for the baseline detector concept. Another

detector design is based on the dual-readout calorimetry and consists of a precision vertex

detector, a drift chamber tracker, a 2-Tesla solenoid, and a muon detector. The various

technologies for each detector subsystem are being actively explored through R&D projects.

Recently, a progressive new detector concept has been proposed and is under development

and exploration [230]. The new concept has a very thin beam pipe with a small radius and

a novel cooling system design. It also integrates several cutting-edge technologies, e.g., a

silicon tracker with the HV-COMS technique, a wire chamber optimized for PID and TOF

resolution. A transverse crystal bar ECAL will provide high angular and energy resolution.

The detector concept will also adopt a thin superconducting magnet to reduce the overall

material budget. As a result, the proposed design shall satisfy the requirements of Higgs,

EW, flavor, and BSM physics studies. The layout of the new detector design is shown in

Fig 20.

FIG. 20. Layout of the new conceptual detector.
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VII. MESSAGE TO THE SNOWMASS

Since completing the CEPC CDR, the CEPC study group has made significant progress

on the CEPC accelerator design and key technology R&D. Those collective activities have

converged into a new set of nominal beam parameters and operation scenarios. Compared

to the CDR, the particle yields of the CEPC increase significantly and should be taken into

account for the physics potential evaluation.

Historically, precision measurements have been a great way of making progress in particle

physics, having solved some of its most important questions. The CEPC project has the

potential to characterize the Higgs boson in the same way LEP did to the Z boson and

search for possible deviations from the Standard Model. It can also make EW, flavor physics,

and QCD measurements unprecedented precision and many unique approaches to searching

for new physics signals. Given such a comprehensive physics program, the CEPC will

significantly enhance our knowledge of many aspects of the physics around the TeV scale,

with a great prospect of finding new physics principles underlying the SM.

The CEPC project fits well in the strategy of the international particle physics community.

We would like to seek support from Snowmass 2021 for active research programs in the US

and worldwide and work towards the realization of the CEPC or at least one electron-

positron Higgs factory in the future.
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