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ABSTRACT (TO BE UPDATED)

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 t¢ 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 (JIA, ZHAO, YU, XUAI, MANQI, ZHEN,
LIAOTAO...)

Discovered in 2012 by the ATLAS and CMS Collaborations at the Large Hadron Collider
(LHC), the Higgs boson is crucial to the Standard Model. Exploring into Higgs precision
measurements is essential for deepening our understanding of crucial phenomena, such as
the origins of the electroweak scale, the characteristics of the electroweak phase transition,
and the reasons behind the matter-antimatter imbalance in the universe. Furthermore, the
Higgs boson serves as a gateway to exploring unknown aspects of physics, including dark
matter and its dark sector, heavy sterile neutrinos, among other areas. An electron-positron
Higgs factory, in comparison to the LHC, offers vital and complementary insights that
could significantly broaden our comprehension of this mysterious particle and contribute to
resolving the aforementioned fundamental questions. Consequently, it is considered a top

priority among the various future collider projects proposed.

The Circular Electron-Positron Collider (CEPC) is a proposed high-energy lepton col-
lider, aimed at operating across multiple energy levels. This facility is designed as a versatile
platform for exploring the physics beyond what the Standard Model (SM) currently explains.
It is anticipated to play a crucial role in investigating exotic Higgs boson decays and other
particle phenomena, potentially revealing new knowledge about the new physics, e.g. super-
symmetry (SUSY) and dark sectors of physics. Moreover, the CEPC’s advanced capabilities
are set to facilitate detailed investigations into light electroweakinos and sleptons, elements
vital for a deeper understanding of SUSY. These studies are expected to complement those at
the LHC, offering fresh perspectives on the search for new physics. The collider also promises
a conducive setting for exploring dark matter candidates and particles within the dark sec-
tor, which could revolutionize our comprehension of the universe. Additionally, it aims to
detect particles with long lifetimes, offering insights into critical issues like neutrino mass and
the origins of matter over antimatter. The CEPC will examine flavor-changing processes,
highly indicative of new physics, providing indirect evidence that could challenge or con-
firm theories extending beyond the SM. It will examine the nature of the electroweak phase
transition, a phenomenon crucial to our understanding of the universe and the asymmetry
between matter and antimatter. Furthermore, the collider is set to contribute significantly

to the study of neutrino properties, potentially linking to broader theories of leptogenesis



and dark matter. It will explore a spectrum of unconventional scenarios, such as axion-like
particles and variations in lepton behavior, with extensive implications for physics beyond
the SM. The data collected by the CEPC will be vital for comprehensive analyses, refining
and narrowing down the possibilities within various theoretical frameworks, including the
Standard Model Effective Field Theory (SMEFT), Two-Higgs-Doublet Model (2HDM), and
supersymmetry.

In summary, the CEPC stands as a groundbreaking advancement in particle physics,
ready to reveal new particles and interactions that could fundamentally alter our under-
standing of the universe. With its high-precision measurements, clean experimental con-
ditions, and flexibility in energy levels, the CEPC emerges as a powerful instrument for
pushing the boundaries of our knowledge in particle physics and addressing some of the

most challenging questions in the field.
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II. INTRODUCTION (JIA, ZHAO, YU, XUAI, MANQI, ZHEN, LIAOTAO...)

The beginning of this section has significant text overlap with 2205.08553. May trigger

the Arxiv plagiarism mechanism.

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) [1], the Compact Linear Collider (CLIC) [2], the Future Circular Collider
(FCC) [3], and the Circular Electron Positron Collider (CEPC) [4, 5]. Meanwhile, many
new possibilities are also under consideration, such as a 125 GeV Muon collider [6], C3 [7],
ReliC [8] and CERC [9].

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 [4, 5],

in which the study group concluded there is no shower-stopper for this facility. Followed
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by intensive R&D activities and physics study, the CEPC study group delivered the CEPC
Conceptual Design Report (CDR) [10] in Nov. 2018.

The CEPC has the main ring with a total circumference of 100 km. It is designed to
operate at around Ecy = 91.2 GeV as a Z factory, close to W pair production threshold
Ecy ~ 160 GeV, at Eey = 240 GeV as a Higgs factory. The center of mass energy of
CEPC can be upgraded to 360 GeV, enabling the ¢t 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~! 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.

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
(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 toward project approval around the year 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.

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

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

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
years of data taking at Ecy = 240 GeV, with two interaction points (IPs), accumulating

an integrated luminosity of 20 ab~!, and producing 4 million Higgs bosons. It also plans to
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Operation mode Z factory WW threshold Higgs factory  tt

Vs (GeV) 91.2 160 240 360
Run time (year) 2 1 10 5
Instantaneous luminosity
191.7 26.6 8.3 0.83
(103%em=2s71, per IP)
Integrated luminosity
100 6 20 1
(ab™1, 2 IPs)
Event yields 3 x 1012 1 x 108 4x10%  5x10°

TABLE I: Nominal CEPC operation scheme, and the physics yield, of four different modes.
See [12] for details.

operate for at least two years near the Z pole, which corresponds to an integrated luminosity
of 100 ab™!, and 3 trillion ee™ — Z — qq 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™! integrated luminosity. About 500 thousand ¢ 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.

Aiming at SM electroweak test as a central task, the CEPC is designed with world-leading
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performance in the precision measurement of the Higgs potential. Beyond the Standard
Model searches can benefit immensely from the CEPC’s precision in measuring the decay
of the Higgs boson, Z boson and the top quark. Section provides a comprehensive review of
exotic h/Z [t decay sensitivities at the CEPC and the expected sensitivity on non-SM Higgs
potentials. Supersymmetry, dark sector motivated decay signals, and the decay channels
yielding long-lived particles are emphasized as benchmark scenarios of particular interest.
Cross-check measurements on potential Higgs-like hints from existing LHC results are also
discussed.

Supersymmetry provides an elegant solution to the SM’s gauge hierarchy problem and
has been extensively searched for by existing colliders. The CEPC offers search windows
on many SUSY scenarios that are difficult for higher energy hadronic collisions. In Sec-
tion VII, we present the studies on the CEPC’s direct search sensitivity on less massive
SUSY electroweakinos and charged sleptons, where robust improvements on existing limits
can be expected. It is also shown that SUSY induced exotic channels with large missing
energy and a diphoton signal yield strong limits on multi-TeV selectrons, much heavier than
the CEPC center-of-mass energy. Relatively light sleptons are of strong interest due to their
potential role in explaining the recent muon g — 2 excess, and their synergy with the CEPC
sensitivity is discussed in detail. The projected limits from ILC/CLIC SUSY search are also
included for comparison.

Dark sector and dark matter can be revealed via searches involving missing momentum,
and dark sector models with leptonic and eletroweak connections to the SM are of particular
interest for the CEPC. In Section V, we present the recent process on selected dark mat-
ter /sector models and their studies for the designed high luminosity at Z-pole, Higgs-factory
and 360 GeV runs of the CEPC. The projected sensitivities have been provided for a number
of such models, e.g. lepton-portal dark sectors, neutrino and electromagnetically interacting
dark particles, leptophilic dark matter, visibles in Z-decays, etc.

Long-lived particles (LLPs) has risen to a heated collider search target in recent years.
The LLP scenario typically features a massive BSM particle with a much prolonged lifetime
due to its near-degenerate mass to another particle, or highly suppressed couplings, and it
can leave a novel signal inside the collider’s detectors. In Section VI, we first briefly review
the computation methodology for LLP production, then we proceed to discuss the projected

sensitivities with the near-detector, proposed far-detector, and the beam dump. LLPs are
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predicted in a number of BSM theories, and LLP searches during Higgs and Z boson decay
are important benchmark scenarios at the CEPC. Dedicated sensitivity studies are presented
for supersymmetry, vector-like lepton extended models, axion-like particles, extra neutral
gauge bosons, etc.

The Z-pole run of CEPC can produce large samples of flavored hadrons and leptons,
such as B, D mesons and 7 leptons, which offer a powerful measurement of new physics with
flavored couplings. A more comprehensive review of CEPC’s flavor physics is presented
in a dedicated white paper. In Section VIII of this document we summarize the CEPC’s
potential in new physics search via flavor portal. Important BSM search aspects include
potential corrections to the Cabibbo-Kobayashi-Maskawa matrix, testing the presence of
flavor-changing neutral current, violation of lepton flavor universality, etc. Precision testing
on the flavor symmetries of the SM can test new physics effects from a high energy scale. We
include recent studies on charged lepton flavor violation, b, c-hadron decays, and the search
for light BSM degree of freedom during flavor transitions.

Encouraged by progress in gravitational wave observations, high-energy phase transitions
during the Early Universe gained much popularity in the recent years. The nature of the
electroweak phase transition sensitively depends on the details of the Higgs potential, and
the future colliders test of the CEPC offers a unique cross-check on our Universe’s early
phase-transition history. One of the essential questions to answer is whether the transition
is a cross-over like in the vanilla SM, or it may undergo a more violent process, esp. type-I
transition with bubble formation and contribute nontrivially to the cosmic baryon asymme-
try, stochastic gravitational wave background, etc. It is shown that the CEPC’s precision
can test Higgs potentials that generate visible signals to future gravitational wave experi-
ments. In Section IX we list the crucial measurements for electroweak phase transition,
including the Zh production cross-section, Higgs decay width and its decay branching ratios,
which are very sensitive to new physics corrections to the Higgs potential.

Neutrino oscillation provides a clear indication of physics beyond the Standard Model,
such as the seesaw mechanism. The precision of the CEPC will offer powerful tests for
the underlying neutrino models. Section X discusses the CEPC’s advantage in neutrino-
related searches, and the potential connection to leptogenesis. Relevant scenarios include
the heavy neutrino search at the CEPC’s near/far detectors and the beam dump, promptly

decaying heavy neutrinos with high lepton multiplicity and visible lepton-number violation,
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active-sterile neutrino transition and non-standard effective neutrino interactions.

In addition, the CEPC features a unique opportunity for even more exotic physics
searches. In particular, the low hadronic background and high sensitivity to soft leptons,
photons and jets empower careful investigation of exotic physical processes with high lep-
ton multiplicity, or those that require good lepton reconstruction, energy resolution, and
flavor recognition. Section XI discusses how exotic models involving lepton and photon in-
teractions can benefit from such capability. For instance, the characteristic Chern-Simons
term between the phooton and axion-like particles can be probed to high precision at the
CEPC. At Tera-Z and Higgs factory runs, the rare decay of the Higgs boson and electroweak
gauge boson can be of particular interest. The high design luminosity at these runs offers
a powerful probe into right-handed neutrino, extended scalars, exotic lepton models, etc.
Noticeably the high sensitivity with leptons also empowers precision tests on the SM lepton
interactions, such as the dipole moment of 1 and 7 leptons, effective non-standard neutrino
interactions. These measurements provide a complementary test of underlying BSM theory
that generate large corrections to lepton form factors. In addition, strong interest in quan-
tum entanglement has started to emerge in collider physics. Section XI also includes newly
completed analyses on its application in leptonic Higgs boson decays.

Recent developments in global fitting techniques, like GAMBIT, etc., greatly strengthen
our ability to navigate through vast new physics model spaces. Global fits maximize data’s
theoretical output by efficiently analyzing and comparing a large number of different models.
This powerful computation capability can quickly identify models or parameter spaces with
the highest priority, making robust references for theory interpretation. In Section XII, we
include recent global-fitting analyses for well motivated SMEFT, 2HDM and SUSY models,
based on the CEPC’s design specifics at Z-pole, Higgs factory and ¢t runs.

III. DESCRIPTION OF CEPC FACILITY, NOMINAL LUMINOSITY AND
TYPICAL DETECTOR PERFORMANCE (MANQI)

A. Key Collider Features

According to the CEPC CDR [10], the beam energy spread could typically be controlled
to the level of 0.1%. This, together with a detector that can reconstruct precisely the
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Operation mode Z factory WW threshold Higgs factory ¢t
Vs (GeV) 91.2 160 240 360
Beam size o, (pm) 6 13 15 39
Beam size o, (um) 0.035 0.042 0.036 0.113
Bunch length (total, mm) 8.7 4.9 3.9 2.9
Crossing angle at IP (mrad) 33

TABLE II: Beam size, bunch length, and crossing angle at different operation modes of the
CEPC [12].

hadronic events — allowing for precise determination of missing energy/momentum — thus
enables relevant physics measurements with high precision; for instance, tagging leptonic
heavy quark decay and searching for dark matter candidates in hadronic events, especially
at the Z factory mode.

The CEPC uses a nano beam scenario and therefore the typical beam spot sizes are of
order um in the x direction, order nm in the y direction, and correspondingly of order a
few hundred pum in the z direction. The beam sizes at different operation modes of the
CEPC are summarized in Table II. The accelerator could stabilize the collision area with
a typical size of order um in the transverse direction and of order ~ (O(100) um along the
beam direction. The spatial uncertainty of the interaction point could therefore be limited,
enabling high precision measurements with 7 final states — for example, in dark matter

searches with Z — 717~ events at Z factory.

B. Key Detector Features

In general, the CEPC detector would have a large acceptance with a solid angle coverage
of at least | cos | < 0.99. This detector would also have a low energy/momentum threshold
at the 100 MeV level in order to record and recognize low energy objects that characterize
certain hadron decays, e.g., soft photons and pions generated from excited heavy hadrons,

as well as some low energy hadrons that are essential for understanding relevant QCD
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FIG. 2: Multiplicities of different types of final state particles in Z — ¢¢ (91.2 GeV) and
Z(— qq)H(— inclusive) (240 GeV) events.

processes [13].

To efficiently separate signal events from background, it is essential to identify the rel-
evant physics objects and to precisely reconstruct their properties — especially their en-
ergy /momentum. For a Tera-Z detector, a typical benchmark is to reconstruct the interme-
diate particles, such as 7% — vy, Ko = ntn~, ¢ - KTK~, A — pr~, etc, inside hadronic
Z events. A more challenging case would be to identify the decay products of a target
heavy flavor hadron which may decay into O(10) particles with a complicated and rich de-
cay cascading order inside a jet. These decay products include not only charged final state
particles (leptons and charged hadrons), but also photons, neutral hadrons, and the missing
energy /momentum induced by neutrinos. A hadronic Z event could has upto 100 final state
particles, as shown in Figure 2. To successfully separate and reconstruct the relevant final
state particles of the target particle is a key challenge for the measurements performed in
hadronic Z events, and it is necessary to employ the particle flow method [14, 15], which
emphasizes the separation of final state particles and has been proven capable of providing
better reconstruction of both the hadronic system and of the missing energy/momentum.

In addition, good intrinsic resolution of sub-detectors, (i.e., momentum reconstruction by
the tracker and energy measurement by the calorimeter), is always critical for flavor physics

measurements. It not only leads to the precise reconstruction of physics properties such as
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particle masses, but also significantly reduces the combinatory background especially present
in physics measurements with narrow resonances. In particular, determining how to achieve
an excellent electromagnetic (EM) energy resolution with a particle flow oriented high-
granularity calorimeter is indeed challenging but necessary for the flavor physics program,
since photons and neutral pions are common decay products in many fundamental flavor
physics measurements. The benchmark analysis of CKM angle o measurement via B —
7 [16] suggests an EM resolution of order O(3%/+/E) in order to fulfill the requirement, of
30 separation between B? and B? with a 30 MeV B-meson mass resolution.

Most of the flavor physics measurements are relevant to hadronic events, especially di-jet
events at the Z pole. It is essential to identify the origin of a jet, i.e., to determine whether it
is originated from a quark, an anti-quark, or even a gluon. The jet origin identification [17],
to a certain extend, shall be regarded as a natural extension of jet flavor tagging, quark-
gluon jet separation, and jet charge measurements, which is indispensable in flavor physics
measurements such as CKM and C'P violation measurements.

A successful flavor physics program also needs a high efficiency /purity PID. An efficient
PID not only suppresses the combinatory background induced by misidentified particles,

but also separates decays with similar topologies in final states, such as B?s) — 7wt

B?S) — KTK~, and B?S) — K*x* [18]. A decent PID is also critical for the jet origin
identification [17, 19] and relevant physics measurements such as the Higgs rare/exotic decay
measurement [17]. The benchmark analysis of By — ¢vv [20] shows that a relative sensitivity
of BR(Bs; — ¢vv) less than 2% at a Tera-Z collider requires a 30 K /7 separation for the
identification of charged hadrons, see the left panel of Figure 3. This requirement can be
addressed by multiple PID technologies. For instance, the CEPC baseline detector can
separate different species of hadrons using dE/dz information measured by TPC and TOF
information provided by either an dedicated TOF device, or combining TOF and ECAL
together. Detector optimization study[21] suggests that dFE/dx needs to reach 3% with
combination of a TOF resolution of 50 ps to statisfy this PID requirement. In addition, the
dN/dz technology proposed by drift chamber of IDEA concept [22] is promising to further
improve the PID performance.

A high-precision and low-material vertex system is vital for the CEPC flavor physics

program. Precise vertex measurements provide pivotal information to distinguish the species

of the initial quark that fragments into a jet, namely the jet origin identification. Precise
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parameterized by the K /7 separation power [20]. RIGHT: Precision variance of
measuring BR(H, — H.7v,) as a function of detector vertex noise [23], with stared

reference point set by a vertex noise of 10 pum.

vertex information is also critical for determining the decay time or lifetime of heavy flavor
hadrons with high precision. To match the characteristic timescales such as those of B, — B,
mixing (~ 56 fs), of D, decay (~ 500 fs), and of 7 decay (~ 290 fs), the lifetime resolution
is required to reach order O(10) fs. This accurate lifetime measurement also benefits flavor
tagging and time-dependent C'P violation measurements. In addition, a high-performance
vertex system can provide a precise reconstruction of the secondary vertices that characterize
some heavy flavor hadron decays, such as the example shown in Figure 4. Such a system can
also help to suppress the background, especially from the IP. One concrete application can
be the measurements of FCCC-mediated BR(H, — H,.7rv,), where the H, reconstruction
can significantly rely on the determination of the H. decay vertex and the measurement of
the muon track originating from the 7 decay [23]. As shown in the right panel of Figure 3,
the reduced noise of vertex system can uniformly benefit these measurements, yielding an
improvement in precision of O(10%) level.

The above-mentioned requirements are also highly beneficial for physics programs at
higher center-of-mass energies, i.e. the 160 GeV WTW ~ threshold scan, the 240 GeV Higgs
run, and the 360 GeV top operation. On top of their core physics programs, such as W mass
and precise Higgs/top properties measurements, the data samples and key detector features

also support an intensive flavor physics program, see Section 77.
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FIG. 4: Display of a Z — bb event with typical secondary vertices (SV).

To address these physics requirements, intensive efforts on detector conceptual design,
on physics performance study, and on key technology R&D have been performed. We refer
to two benchmark detector concepts in this white paper. These concepts are used in the
simulations in this manuscript, providing reference performance for relevant physics potential

studies.

The starting point of our discussion is the CEPC baseline detector as delineated in its
CDR study [10]. Guided by the particle flow principle, the CEPC baseline design features
a high-precision tracking system, a high-granularity calorimeter system, and a high mag-
netic field. Shown in detail in Figure 5, the CEPC baseline detector consists, from inside
to outside, of a silicon pixel vertex detector, a silicon tracker, a time projection chamber
(TPC), a silicon-tungsten sampling EM calorimeter (Si-W ECAL), a steel-glass resistive
plate chambers sampling hadronic calorimeter (SDHCAL), a superconducting solenoid pro-
viding a magnetic field of 3 Tesla, and a flux return yoke embedded with a muon detector.

Additionally, the Si-W ECAL could also be instrumented with a few timing layers to enable
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FIG. 5: Schematic layouts of the CEPC baseline detector [10] (left) and the IDEA
detector [24] (right).

time-of-flight (TOF) measurements with precision of 50 ps or even better [10, 25].

Alongside the CEPC baseline detector, an alternative detector concept known as IDEA
(Innovative Detector for Electron-positron Accelerator) [24] is also utilized in various studies
covered in this white paper. The IDEA detector also serves as a reference detector for
the FCC-ee project. In comparison to the CEPC baseline detector, the IDEA detector
incorporates a dual readout calorimeter system to attain superior energy resolution for both
EM and hadronic showers. Moreover, the IDEA detector operates with a reduced magnetic
field of 2 Tesla while compensating for this reduction by offering a larger tracking volume.
The overall structure of the IDEA detector can be seen in Figure 5.

By virtue of the particle flow oriented design, the CEPC baseline detector performs well
in efficient tracking, lepton identification, and precise reconstruction of hadronic systems.
These excellent features of the CEPC baseline detector provide a solid basis for flavor physics
studies. The achieved performance of the CEPC baseline detector during its CDR phase is
summarized in Table III. Notably, the baseline tracking system demonstrates an efficiency
close to 100% and a relative momentum resolution approaching O(107?) for individual tracks
with momenta exceeding 1 GeV within the barrel region, as illustrated in Figure 6. As
depicted in left panel of Figure 7, the baseline photon energy resolution is 17%/ VE & 1%,
achieved by the sampling Si-W ECAL, which features the high granularity critical for particle
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Ttem Baseline [10] Objective Comments
Basic Performance
Acceptance | cos 0] < 0.99 [10]
Threshold 200 MeV [26, 27] 100 MeV For tracks & photons
Beam energy spread O(0.1%) [10]
Tracker momentum resolution O(0.1%) [10]
ECAL energy resolution 17%/VE © 1% [10]  3%/VE [16]
HCAL energy resolution 60%/VE ® 1% [10]
Vertex resolution 10-200 pm [10]
Jet energy resolution 3-5% [10, 28] For 20-100 GeV
¢ — 7 mis-ID < 1% [29] In jet, |p] > 2 GeV
m — K separation > 20 [10] > 30 [20] In jet, |p] > 1 GeV, TOF+dE/dz

Flavor Physics Benchmarks (Depending on the Above)

o(muw,z) 3.7% [10] Hadronic decays
b-jet efficiency X purity ~ T70% [10] In Z hadronic decays
c-jet efficiency X purity ~ 40% [10] In Z hadronic decays
b-jet charge tagging eog = €(1 — 2w)? - 15-25% [19, 30] For B

w0 efficiency x purity 2 70% [27) 2 80% [16]  In Z hadronic decays, |p 0| > 5 GeV
K%, A, D efficiency 60%-85% [31] In Z hadronic decays, all tracks

7 efficiency X purity 70% [32] In WW — 71vqq’, inclusive

7 mis-ID O(1%) [32] In WW — Trqq’, inclusive

TABLE III: Summary of detector performance of the CEPC baseline detector and some

objectives for flavor physics benchmarks.

flow reconstruction. In terms of PID performance, the CEPC baseline design achieves a K /7
separation better than 2¢ in the momentum range up to 20 GeV by effectively combining
TOF and dE/dx information, as shown in Figure 8. The inclusive Z — ¢¢ sample exhibits
an overall K* identification efficiency and purity exceeding 95% [21]. Regarding hadronic
systems, the CEPC baseline detector attains a boson mass resolution (BMR) better than 4%
for hadronically decaying W, Z, and Higgs bosons, as illustrated in right panel of Figure 7.
This not only enables a separation exceeding 2 ¢ between W and Z bosons in their hadronic
decays, but also enhances the precision of missing energy/momentum measurements, which
are vital for flavor physics investigations.

Following the completion of the CEPC CDR, there are still ongoing research efforts fo-
cused on the detector design to further optimize the baseline performance parameters and to

cater to the requirements for the CEPC flavor physics program. These optimization efforts
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FIG. 6: Single track reconstruction efficiency (left) and momentum resolution (right) of

the CEPC baseline detector [10].

primarily concentrate on three key aspects: EM energy resolution, PID performance, and jet
charge measurements. To address the demand for improved separation of B® and BY with
EM final states, a significantly enhanced EM energy resolution of 3%/+v/E [16] is pursued, as
compared to the baseline resolution of 17%/+v/E®1% shown in left panel of Figure 7. Accom-
panying this resolution enhancement, a corresponding photon energy threshold of 100 MeV
is envisioned. To attain this level of EM resolution while maintaining compatibility with
PFA performance, novel concepts for high-resolution and high-granularity crystal ECAL de-
signs have been proposed [33-35], and relevant R&D studies [36] are progressing. For PID
performance, a K /7 separation better than 3 ¢ is suggested. This improved PID capability
can be achieved by combining various techniques, including TOF [37, 38], dF/dx [21, 39],
and dN/dz [22] measurements. The performance of jet charge measurement is typically
characterized by the effective tagging efficiency (power) €eg = €rag(1 — 2w)?, where €,y is
the flavor tagging efficiency and w is the wrong tagging fraction. The study [19] devel-
ops a Leading Particle Jet Charge method (LPJC) and combines it with a Weighted Jet
Charge (WJC) method to form a Heavy Flavor Jet Charge method (HFJC). This study
evaluates the effective tagging power for ¢/b jets at the CEPC Z pole operation and finds
it to be 39%/20%. Additionally, by implementing benchmark IP cuts of 0.02/0.04 mm to
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FIG. 7: LEFT: Comparison of the CEPC baseline photon energy resolution achieved by
the sampling Si-W ECAL [10] and expected photon energy resolution of homogeneous
crystal ECAL. RIGHT Reconstructed boson masses of cleaned vvqq, lvqg, and
vvH, H — gg events [28].

distinguish the origin of the leading charged particle (whether from the decay of the leading
heavy hadron or QCD fragmentation), the effective tagging power for ¢/b jets was found
to be 39.0%/26.8%. Furthermore, a dedicated b-jet charge tagging algorithm developed
specifically for the study of B — J/v¢ at the CEPC [30] achieved an effective tagging
power of 20%. Consequently, a range of e.g € [15,25]% is determined for the future b-jet
charge tagging power at the Tera-Z. These advancements in performance parameters are
also summarized in Table III.

In addition, the conceptual detector of CEPC has a large geometric acceptance, a de-
cent performance in identifying final state particles, especially charged hadrons, as well as
a precise low-material vertex system located close to the interaction point. These detector
properties are of great significance in the identification of jet origins. Furthermore, recent
advancements in machine learning algorithms, such as the ParticleNet algorithm [40] devel-
oped in the CMS experiments, provide necessary tools for this multi-category identification.
Through full simulated sample of Higgs/Z to di-jet processes with CEPC conceptual de-
tector, ParticleNet can simultaneously identify b/b, c¢/¢, and s/5 quarks with flavor tagging

efficiencies of 90%, 80%, and 60%, respectively [17]. Meanwhile, the misidentification rate
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FIG. 8: Separation power of K /7 (left) and K/p (right) using different techniques [21].

for jet charge can be controlled at 18%, 7%, and 16%, correspondingly. The corresponding

performance is shown in Figure 9.

IV. EXOTIC HIGGS POTENTIAL AND EXOTIC HIGGS/Z/TOP DECAYS
(YAQUAN, ZHAO)

The exploration of novel physics phenomena may manifest through the exotic decay
channels of the Higgs boson, Z boson and top quark. Especially it may explain the dynamics
of generic Higgs portal or some exotic effective operators. The research effort devoted to
the investigation of Higgs/Z/top exotic decays will effectively improve the precision of the
coupling measurements for relevant particles, and will constitute an indispensable element
of the scientific agenda for the prospective Higgs factories. In the following we will review

some representative investigations for the relevant exotic decays.

A. Model-independent Sensitivity to Exotic Higgs decays

A comprehensive assessment of the sensitivity of lepton colliders to exotic decay channels
of the Higgs boson into various final states was presented in Ref. [41], with a particular

emphasis on the channels that have considerable challenges at hadron colliders. The findings
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FIG. 9: Jet origin identification performance [17] of full simulated Higgs/Z to di-jet
processes with CEPC conceptual detector. LEFT: The confusion matrix M;; with perfect
identification of leptons and charged hadrons. RIGHT: Jet flavor tagging efficiency and
charge flip rate for S vs. U or D with identification of leptons, plus identification of

charged hadrons and neutral kaons.

of the investigation indicate that lepton colliders exhibit notable potential for sensitivity in
the discussed decay channels. The present analysis is concentrated on the two-body Higgs
decays into BSM particles, denoted as X;, through the decay process h — X;X5. These
particles are permitted to undergo further decays, potentially resulting in four-body final
states at most. The cascade decay modes are systematically categorized into four distinct
cases, as illustrated in Fig. 10. A broad class of the underlying BSM theoretical frameworks,
including but not limited to, singlet scalar extensions, two-Higgs-doublet models, SUSY
models, various Higgs portals, and gauge extensions of the SM, as referenced in [41-44],

provide the theoretical impetus for the exploration of these exotic decay channels.

At the CEPC 240 GeV, the predominant mechanism for Higgs boson production is the
associated production with a Z boson. The decay of the Z boson into detectable final states
facilitates the identification of the Higgs boson via the ”"recoil mass” method. Implementing
a selection criterion centered around the recoil mass distribution’s peak significantly sup-

presses the background from SM processes. A large number of analyses have been described
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FIG. 10: Representative topologies of the Higgs exotic decays (from Ref.[41]).

in Ref.[41], the results of which are shown in Fig. 11. The analysis provides the projected
exclusion limits at the 95% C.L. for the CEPC with an integrated luminosity of 20 ab™!.
Additionally, the forecasted sensitivities for the LHC represented by gray bars is included.
The projections for the LHC are based on the most current sensitivity estimates. However,
several of these projections are either non-existent or notably conservative. More contem-
poraneous investigations, such as those presented in Ref. [45] concerning the decay h — 47,

and Ref. [46] about the decay h — 4b, have shown the consistency of these sensitivity

projections.
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FIG. 11: The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at
HL-LHC and CEPC, based on Ref [41].

The LHC is expected to impose stringent constraints on a large number of decay chan-

nels that involve muons, electrons, and photons.

In the context of the more formidable

channels that are dependent on the detection of jets, heavy quarks, and tau leptons, the
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prospective enhancements in sensitivity compared to current LHC projections span from
one to four orders of magnitude. This substantial improvement is attributed to the reduced
QCD background and the effectiveness of Higgs boson identification through the recoil mass
method that is expected to be employed at forthcoming lepton collider facilities. Specifically,
for exotic decays of the Higgs boson without missing energy, the anticipated improvements
in detection sensitivity range between two to three orders of magnitude. An exception is
noted for the (v7v)(yy) decay channel, which is projected to see an enhancement of merely
one order of magnitude. This particular channel at the LHC benefits from the ability to
reconstruct the Higgs boson mass from the final state particles, which significantly aids
in the discrimination between signal and background. Moreover, decay channels involving
electrons, muons, and photons, which are considered to be relatively clean signatures at the
LHC, stand to gain from the higher statistics that will be provided by the HL-LHC, thereby

utilizing the higher event counts to improve statistical precision.

B. Exotic Higgs potential

The exotic Higgs potential is often realized through the extension of the SM Higgs po-
tential, leading to the SM-s model. This model is a minimal theoretical extension that
introduces a new scalar particle, typically denoted as s, which can mix with the Higgs
boson. The Lagrangian for this extension is given by:

As

2
L= Lo+ 587 = 18" = SSHP + 2| HP = N HI* M)

where Ly, represents the kinetic terms, u? and )\, are parameters associated with the
new scalar s, s describes the mixing between s and the Higgs boson H, and p? and \ are
the mass and self-coupling parameters of the Higgs boson, respectively.

The SM-s model is driven by theoretical interests such as naturalness, which tackles the
hierarchy problem between the Higgs mass and the Planck scale; potential interactions with
dark matter, possibly linking the visible and dark sectors of the universe; and the electroweak
phase transition, which could influence the early universe’s dynamics and baryon asymmetry.

The new scalar s can lead to exotic Higgs decays, such as h — ss, which are not present
in the SM. These decays are of particular interest because they could provide evidence for

physics beyond the SM and help resolve some of the current puzzles in particle physics.
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At the LHC, detecting the decay h — ss is challenging due to significant background
processes. However, the projected sensitivity of the HL-LHC for the bbr7 final state is
Br(h — ss) < 2.8 x 1072 according to CMS projections [47]. At the future electron-positron
colliders, the sensitivity for the bbbb final state is much more promising.[41] With at least
three b-tagged jets required in the final state, the b-tagging efficiency can be conservatively
chosen to be 80%, and the charm mis-tagging rate and the light flavor mis-tagging rate can
be set to be 9% and 1%, respectively. As shown in Fig. 12, the future lepton collider with
5 ab~! integrated luminosity can exclude branching fractions of h — ss — (bb)(bb) down to

3 x 107* ~ 4 x 1074, in the range of mediator mass 20 GeV < m, < 60 GeV.
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FIG. 12: The 95% C.L. exclusive bound on Br(h — (bb)(bb)), based on Ref. [41].

The enhanced sensitivity at electron-positron colliders is attributed to their cleaner ex-
perimental environment and the precision can be significantly improved with high statistics

in the next generation facilities. This makes them ideal for studying rare processes and
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searching for new physics, such as the exotic Higgs decays discussed here.

C. Higgs exotic decays in supersymmetry

Numerous supersymmetric extensions of the Standard Model have the potential to pro-
duce the exotic decay channels of the Higgs boson. In recent years, the next-to-minimal su-
persymmetric standard model (NMSSM) and its sligntly modified version semi-constrained
NMSSM (scMSSM) have drawn considerable interest as a framework for probing the prop-
erties of the Higgs boson. In particular, a comprehensive analysis has been undertaken to
execute two primary investigations on the exotic decays of the Higgs boson at the CEPC.

First, there has been a concerted effort to clarify the nature of the invisible decay channels
of the 125 GeV SM-like Higgs boson into potential dark matter (DM) candidates, specifically
into pairs of the lightest neutralinos h — Y%} [48-50]. Theoretical predictions suggest
the existence of four distinct funnel-annihilation processes for the lightest supersymmetric
particle (LSP) xY, corresponding to intermediate states hy, Z, hi, and a;. The composition
of the LSP is constrained to either a singlino-dominant or a higgsino-dominant form. In the
scenario where the LSP is predominantly singlino, it is supposed to achieve the observed
dark matter relic density. As shown in Fig.13, the branching fraction for the Higgs boson’s
invisible decay is expected to be minimal, giving a challenge for detection at the CEPC.
Nevertheless, this decay channel falls within the detection capabilities of the forthcoming
LUX-ZEPLIN (LZ) 7-ton experiment, particularly in the regime of spin-dependent (SD)
interactions. Conversely, a higgsino-dominant LSP is predicted to yield an insufficient relic
density and is associated with a substantial branching fraction for the Higgs invisible decay,
leaving it in the investigation capability of the CEPC.

Second, investigations have been directed towards the decay of the Higgs boson into
lighter CP-odd or CP-even Higgs states, with particular attention given to the processes
hy — aiay, hy — aijay, and hy — hih; manifesting in final states comprising four bottom
quarks (4b), four jets (47), a pair of bottom quarks and a pair of tau leptons (2b27), and four
tau leptons (47) respectively [51]. Three distinct scenarios are compared and their relative
sensitivities are evaluated in the context of detecting these exotic Higgs decay modes at the
HL-LHC as well as at forthcoming lepton colliders, including the CEPC. The predominant
mechanism for the production of the SM-like Higgs boson is identified as the Zh channel.
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Empirical findings suggest that the most efficient strategy for the detection of these exotic
decays at the CEPC would be via the 47 channel, with the requisite minimum integrated
luminosity for potential discoveries being as modest as 0.26 fb™'. Table IV encapsulates
the requisite minimum integrated luminosities for the detection of these exotic Higgs decays
across various experimental setups, including the HL-LHC, CEPC, FCC-ee, and ILC. The
analysis indicates that the luminosity threshold requisite for discovery at the CEPC is com-
parable to that of the FCC-ee, highlighting the competitive potential of these facilities in

the search for new physics phenomena.

TABLE IV: The minimum integrated luminosity for discovering the exotic Higgs decay at
the future colliders, where the “@I, II, III” means the three different scenarios. Scenario I:
hs is SM-like Higgs, and the light scalar a; is CP-odd; Scenario II: hy is SM-like Higgs, and
the light scalar a; is CP-odd; Scenario III: hy is SM-like Higgs, and the light scalar h; is
CP-even.

Future colliders

Deacy Mode
HL-LHC CEPC FCC-ee ILC
(bb)(bb) 650fb~1(@QIT)  0.42fb~l(@QII)  0.41fb~Y(@IIT)  0.31fb~}(@II)
(39)(57) - 21fb~1(@II) 18fb~1(@II) 25fb~1(@II)
(tHr7)(vH) - 0.26fb~1(QIIT)  0.22fb~Y(@QIII)  0.31fb~!(QIII)
(bb)(7H77) 1500fb =1 (@IT) 4.6fb~1(@IT) 3.6fb~1(@II) 4.4fb~1(@IT)

(pFp~)(rtr7)  1000fb~1(@II) . _ _

D. Exotic Decays via Dark Sector
1. Higgs Ezotic Decays via Dark Sector

Within the framework of the lepton portal dark matter model, the relic abundance is
determined by the portal coupling involving the majorana fermion DM candidate y, the
singlet charged scalar mediator S*, and the SM right-handed lepton [54]. The incorporation
of the scalar portal interaction not only leads to a significant enhancement of the detection

capabilities at the LHC through the gg — h* — S*.S~ process but also induces novel signal
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FIG. 13: The surviving samples projected in the invisible branching ratio Br(h — xx!)
VETSUs Mo planes, with colors indicating the relic density Qh2.The dashed, dot-dashed and
doted line show the current upper limit 19% of the invisible Higgs decay [52], future
detection accuracy of that at HL-LHC 5.6% [41] and CEPC 0.24% [53] respectively.

channels, including exotic decay processes and the coupling deviations of the Higgs boson.

These aspects yield promising prospects for the exploration and detailed examination of the
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model.

The experimental results from the LEP have excluded the existence of a charged scalar
S* with a mass mg below 100 GeV, thus negating the possibility of the on-shell decay
h — S*S~. Nevertheless, in the event that the mass of the dark matter candidate x, my,
is less than half the mass of the Higgs boson, m;/2 ~ 62.5 GeV, the portal coupling Ayg
may activate the exotic decay processes such as the three- or four-body decays h — ST¢Ty
or h — (*xlTy. These decays are mediated by either one or two virtual S*, depending on
whether mg is less than my,. The decay rates for these processes are directly proportional to
YA} g or y; A3 4. This relationship presents an innovative method for probing the parameters
Ars and y,. By calibrating y, to the theoretical value y}", which is derived from the requisite
relic abundance, one may deduce constraints on the Agg coupling for a given set of mass

parameters (mg,m,).

For a certain integrated luminosity, it is feasible to derive constraints on the branching
ratio Br(h — ST SF) — ¥y ¢'~y). These constraints can subsequently be converted into
upper bounds for A\gg, relying on the determination of y, through the conditions imposed by
the DM relic abundance, as illustrated in the left panel of Fig. 14. An apparent discontinuity
in the depicted curves around mg = 125 GeV corresponds to a transition in the available
phase space, shifting from a three-body to a four-body decay mechanism. In conclusion, the
future CEPC is anticipated to impose stringent constraint on the interaction strengths for
scenarios with a relatively light DM candidate, m, < 30 GeV, and a mediator scalar mass

mg within the sub-TeV scale.

Another example is the Higgs decay into a dark shower, i.e., a shower of dark-sector
particles, which can be bosons or be fermions, for example, composite neutrinos [55]. 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 [56]. Current
studies have been focusing on the Higgs decays into a pair of twin glueballs [57-62], 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 [63],
e.g., NNaturalness [64], electroweak scale as a trigger [65], and delayed or non-restored

electroweak symmetry [66—69).
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FIG. 14: These two plots come from Ref. [54]. Left: The 95% confidence level (C.L.)
constraint on the coupling combination Agyg as contours resulting from the exotic decay
h — ST ST — ¢+x¢'~x. The lepton portal coupling y; is fixed at y®, representing the

value required to achieve the correct DM relic abundance. Right: The 95% C.L. constraint
contours for ¥, in the exotic decay Z — ¢*x¢'~x. The gray shaded region indicates the

parameter space that can be excluded if y, = yb.

2. 7 Exotic Decays via Dark Sector

Beside the exotic decays of the SM Higgs boson, the exotic decay of the Z boson consti-
tutes an additional prospect for the investigation of beyond the SM physics [70]. In an effort
to refine the precision in measuring SM parameters, the forthcoming CEPC will include the
operation at the Z resonance [10, 71], a regime that could potentially yield an enormous
quantity of Z bosons, ranging from Giga (10%) to Tera (10'?).

Notably, within the context of the model under consideration [54], there exists an exotic
decay mode Z — ¢/~ x, which results in a final state characterized by a pair of leptons
accompanied by missing energy. This decay channel is mediated by two distinct types of
Feynman diagrams: the first involves a pair of virtual S* particles via the ZS*+S~ vertex,
while the second proceeds via a single virtual ST that emerges from the Z¢* /¢~ vertex, with
the scalar S coupling to one of the leptons. Given the assumption that the charged scalar

S+ possesses a mass exceeding 100 GeV, thereby surpassing the mass of any other particle
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involved, the decay width is predominantly governed by the second diagram type. This

decay width exhibits a dependence that is proportional to yzlmg‘l.

In the right panel of Fig. 14, the 95% C.L. constraint on the branching ratio for the
exotic decay mode is approximately Br(Z — e etyyx) < 1079 for the Tera Z scenario.
However, it is known that this upper bound is sensitive to the mass parameters m, and
mg. In the right panel of Fig. 14, the 95% C.L. upper limit on y, is represented by the
region above the magenta contours. This constraint is compared with the requirement for
yit derived from thermal relic considerations. It becomes apparent that, under the Tera Z
framework, DM candidates with a mass of m, < 13 GeV are excluded by the search for the
exotic decay Z — e"eTxy, as theoretically y! exceeds the derived limit from the Z exotic
decay. The exclusion zone is illustrated in gray and denoted as "thermal DM excluded”.
This constraint serves as a supplementary bound for scenarios with large scalar mass mg,
compared with the constraints imposed by the LHC, which are not predicated on the on-shell
production of S. Moreover, considering that both the decay width for the exotic decay and
the DM annihilation cross-section are proportional to yzlmg‘l, the exclusion boundary can
be extended horizontally to substantially high values of mg. Consequently, this provides a

robust constraint for the DM model.

Besides the specific exotic Z decay channel above, Ref. [70] 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. 15. In comparison with the HL-LHC,
the future Z-factories can be more sensitive to many interesting decay modes. The exotic Z

decay summary table given here.
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FIG. 15: 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 £ = 3 ab™! [70]. The

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

X

FIG. 16: The one-loop induced Higgs invisible decay (from Ref.[54]). The cross-diagrams

for majorana fermion y are not shown here, but are included in the calculation.

E. Higgs exotic invisible decays

The Higgs invisible decay h — xx is induced by the two Feynman diagrams at one-loop
level listed in Fig. 16, and is similar to the Higgs to neutralinos decay in the SUSY models
[72-75]. Due to the small lepton mass, usually the first diagram is negligible.

The most stringent constraint on the branching ratio for the invisible decay of the Higgs
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boson is Br(h — inv) < 13%, ascertained by the ATLAS Run-II with an integrated lu-
minosity of 139 fb™' [76]. Projected advancements at the HL-LHC anticipate an enhanced
sensitivity for the detection of invisible Higgs decay, with expectations set around 3.5% [77].
Furthermore, at the future ete™ colliders such as the CEPC, the sensitivity could potentially
be refined to approximately 0.3% [10].

Anticipated data from forthcoming collider experiments can set limits on y?\gs, depend-
ing on the scalar mass mg and the DM candidate mass m,. In the left panel of Fig. 17,
one can observe the sensitivity contours for y?Ayg corresponding to the LHC (brown), the
HL-LHC (blue), and the CEPC (red). The dashed and solid lines represent y7A\gs = 1 and
yZAgs = 10, respectively. It is shown that the prospective eTe™ collider exhibits superior
sensitivity in comparison to the hadron collider alternatives.

Turning to the right panel of Fig. 17, the Yukawa coupling y, is calibrated to its thermal
value yi which is requisite for satisfying the DM relic abundance criteria. By fixing the
values of mg and m,,, the future sensitivity to Ay g can be extrapolated utilizing the projected
CEPC sensitivity for the invisible Higgs decay branching ratio, Br(h — inv) = 0.3%. The
resulting sensitivity contours are illustrated accordingly. A notable characteristic is the
reduction in sensitivity to Agg for m, values below 6 GeV, attributable to the decay width’s
leading order term in the small m, expansion being linearly dependent on m,. As m,
diminishes further, the thermal value yi" increases to compensate the annihilation cross-
section, thereby restoring and even enhancing the sensitivity to Aggs. Consequently, the

optimal sensitivity for A\yg is achieved in regions of small mg and moderate m,.

F. Decays into Long Lived Particles
1. Higgs exotic decays into Long Lived Particles

The CEPC is proposed to be a key facility in the search for new physics, particularly
through the examination of Higgs boson decays into long-lived particles (LLPs). A recent
comprehensive study has shed light on several key areas that could potentially improve our
understanding of the universe’s fundamental particles and interactions.

The research [78] has investigated the possibility of neutrally charged LLPs being pro-
duced through the exotic decay of the Higgs boson. By analyzing the process ete™ — ZH,
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FIG. 17: These two plots come from Ref.[54]. Left: the Higgs invisible decay as a probe for
the combination y?Ays at different colliders. Right: the CEPC sensitivity
Br(h — inv) < 0.3% can set bounds on Ay if we fix y, = yi' from the relic abundance

requirement.

where the Z boson decays inclusively and the Higgs boson further decays into LLPs (X; and
X3), the study has employed advanced machine learning techniques to analyze an integrated
luminosity of 20 ab~!. These LLPs can decay into either a neutrino pair or a quark-antiquark
pair, leading to distinct final states that were identified using Convolutional Neural Networks
(CNN) and Graph Neural Networks (GNN). The findings have provided constraints on the
branching ratio of Higgs boson decay to LLPs, offering a new observation on the Higgs
boson’s decay characteristics.

Furthermore, the study [79] has explored the production of long-lived scalar particles
from Higgs exotic decays at the CEPC. The signal process involves a Higgsstrahlung event,
followed by the decay of the Higgs boson into a new long-lived scalar boson X, which subse-
quently decays into a pair of quarks. This research has considered the Higgs bosons produced
at CEPC, providing sensitivities to the branching ratio of h — X X and interpreting the re-
sults within the framework of the Higgs-portal Hidden Valley model and neutral-naturalness
models.

The investigation [80] into displaced-vertex signatures of scalar LLPs pair-produced from

exotic Higgs decays has also been a significant focus. The study has examined two theoretical
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models, including a Higgs-portal model that predicts a very light scalar boson hg, which
decays into a pair of muons or pions, and a neutral-naturalness model that predicts the
lightest mirror glueball with a mass of O(10) GeV. These models have been analyzed for
their distinctive signatures at colliders, providing a comprehensive understanding of the
potential LLP signatures.

Additionally, the study [81] has addressed the sensitivity reach to massive LLPs within
the context of the Hidden Valley model, where the Higgs boson decays into two long-lived
Hidden-Valley particles that subsequently decay into b-quarks. The research has also inves-
tigated the sensitivity to long-lived dark photons produced in Higgsstrahlung events via the
Higgs portal, h — vpvp.

The high statistical significance data generation at the CEPC, combined with the ad-
vanced analysis techniques, is expected to provide a more precise measurement of the Higgs
boson’s decay width, surpassing current measurements at the LHC. More detailed discus-

sions can be found in Sec.VI.

2. 7 exotic decays into Long Lived Particles

At the CEPC, the high-luminosity Z-boson factory provides a unique opportunity to
investigate Long-Lived Particles (LLPs) from Z-boson exotic decays.

The study [82] examines the sensitivity of the CEPC to the decay of Z-bosons into long-
lived lightest neutralinos (denoted as ¥?) within the context of R-parity-violating supersym-
metry. The lightest neutralino is predominantly bino-like with minor Higgsino components.
The research emphasizes the )\;jkLi -Q; Dy, operators, particularly the X}, L, - Q1 Dy operator,
which leads to the decay of the lightest neutralino into SM particles via a scalar-fermion
exchange. For specific conditions, the lightest neutralino becomes long-lived, allowing it to
travel a macroscopic distance before decaying.

Besides, the sensitivity estimation is provided for the CEPC in terms of contour curves
on a plane of model parameters \|;,/ mfg versus mgo . It shows that for a branching ratio
Br(Z — x%x?) of 1072 and a neutralino mass of approximately 40 GeV, the model parameter
A’llQ/mfg can be probed down to about 1.5 x 107'* (3.9 x 10714) GeV =2 at the CEPC with
a center-of-mass energy of /s = 91.2 GeV and integrated luminosities of 150 (16) ab™!.

Additionally, the study [83] discusses the investigation of axion-like particles (ALPs)
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coupled to charged leptons in Z-boson decays at CEPC. The ALPs are assumed to have
very long lifetimes and behave as missing energy. The study analyzes the signal process
e“et — u~pta and considers various background sources. Sensitivity reaches are presented
for different integrated luminosities.

Lastly, the study [84] addresses the sensitivity of different experiments to Z-boson decays
to a pair of long-lived neutralinos in R-parity-violating supersymmetry. Assuming negligible
background, it presents the sensitivity reaches of different far detector (FD) designs at the
CEPC for a branching ratio of Z — xx! equal to 1073. It also compares these sensitivity
reaches with those of the near detector (ND) and other experiments.

Overall, at the CEPC the potential to probe BSM physics through the study of Z-boson
exotic decays, could offer insights into long-lived particles and their properties. More detailed

discussions can be found in Sec.VI.
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G. The 95 GeV Higgs boson at the CEPC

CMS and ATLAS have performed searches for scalar di-photon resonances using LHC
Run 1 and 2 data. CMS observed a local excess with 2.8 ¢ significance at 95.3 GeV in the
Run 1 result. Recently, results based on the full Run 2 data set at 13 TeV showed a local
excess of 2.9(1.7) o at 95.4 GeV at CMS [85] (ATLAS) [86]. Using both ATLAS and CSM
Run 2 results, and neglecting possible correlations, in Ref. [87] a combined signal strength
of uP = 0.24700% was obtained, corresponding to an excess of 3.1 0. LEP reported a local
2.3 0 excess in the efe™ — Z(¢ — bb) searches [88], consistent with a scalar resonance with
a mass of about 95.4 GeV and a signal strength of p;;° = 0.117 4+ 0.057 [89, 90]. Here we
consider the possiblity that these excesses arise from the production of a single new particle
— a possible first sign of BSM physics in the Higgs sector.

In Refs. [87, 91] it was demonstrated that the extension of the 2HDM by a complex singlet,
the S2HDM [92], can give a perfect description of these excesses, while being in agreement
with LHC BSM Higgs searches and LHC Higgs rate measurements. The S2HDM represents a
template for a broad class of models where a mostly gauge-singlet scalar particle, hgs, obtains
its couplings to fermions and gauge bosons via the mixing with the SM-like Higgs boson
at 125 GeV. In Ref. [91] it was also demonstrated that a future ete™ collider operating
at 250 GeV could determine the couplings of hjss to a sufficiently high precision to find
deviations w.r.t. a SM Higgs boson (see Fig. 18 left) and thus test the proposed scenario.
Despite the suppressed couplings of the possible state at 95.4 GeV compared to hio5, a future
ete™ Higgs factory could produce hgs in large numbers (see e.g. Ref. [93]) and determine its

properties with high precision (see Fig. 18 right).
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FIG. 18: S2HDM parameter points passing the applied constraints for the di-photon and bb
signal strengths. (For the di-photon signal strength a slightly higher value as u53° were used, as
in Ref. [91], which is not expected to change the results in a qualitative way.) Blue (orange)
points correspond to the S2HDM type II (IV). Left: (|¢,p 7+, [chiosvv|) Plane. The green
dotted and the magenta dashed ellipses indicate the projected experimental precision of the
coupling measurements at the HL-LHC [94] and a future e*e™ collider operating at 250 GeV and
assuming 2 ab™! of integrated luminosity [95], respectively, with their centers located at the SM
values. Right: (|cpy 47—, [chosvv|) Plane (where cpgyq, denotes the coupling strength relative to
the SM Higgs-boson coupling). The shaded ellipses around the dots indicate the projected
experimental precision with which the couplings of hgs; could be measured at a future ete™
collider, which we evaluated according to Ref. [96]. Here ¢p ;0 (Chyyszz) denotes the coupling

strength of hgs(hi2s) relative to the SM Higgs-boson coupling.
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FIG. 19: Br(t — bH™) for tan 8 = 2 (black), 5 (blue), 10 (red), 20 (green). The t decay

into H™ is larger for smaller my+ and smaller tan 3, from Ref.[97].

H. Top quark exotic decays

In the context of the dark force model as outlined in Ref.[97], the decay of a top quark into
a charged Higgs boson via the process t — bH™ is a significant opportunity for exploring new
physics, particularly if the charged Higgs is relatively light. This charged Higgs, in turn, is
proposed to predominantly decay into dark gauge bosons (Z’s), which are key components
of the dark sector. Consequently, future experimental data, potentially from the CEPC
operating at 350 GeV, could potentially observe the decay chain ¢t — bH™ — DW ™ + Z's.

Direct calculations demonstrate that for a charged Higgs mass of my+ = 140 GeV, the
branching ratio for the top quark decay into a charged Higgs, Br (¢t — bH ™), is approximately
between 0.03 and 0.0003, within the parameter range of tan § = 2 — 20, as shown in Fig.19.
This range of branching ratios indicates that even a small proportion of top quark decays

could produce a detectable number of Z’ bosons at high-energy collider experiments.

The detection of such exotic decays depends on the precise measurement of the top



45

quark’s mass and decay width. It is highlighted that the present large uncertainty in the
top quark decay width (around 25%) leaves room for new decay modes that could originate
from physics beyond the SM. Moreover, it underscores that the top quark’s short lifetime
and its decay before forming hadrons make it an ideal candidate for probing new physics.
A study of top quark mass measurements is presented at the tf threshold based on
CEPC [98]. A centre-of-mass energy scan near two times of the top quark mass is performed
and the measurement precision of top quark mass, width and ag are evaluated using the
tt production rates. Realistic scan strategies at the threshold are discussed to maximise
the sensitivity to the measurements individually and simultaneously in the CEPC scenarios
assuming a total luminosity limited to 100 fb~!. With the optimal scan for individual
property measurements, the top quark mass precision is expected to be 9 MeV, the top
quark width precision is expected to be 25 MeV, and ag can be measured at a precision
of 0.00034, considering only the statistical uncertainty. Taking into account the systematic
uncertainties from theory, width, ag, experimental efficiency, background subtraction, beam
energy and luminosity spectrum, the top quark mass can be measured at a precision of 24

MeV optimistically and 57 MeV conservatively at CEPC, as shown in Tab. V.

Source Myop Precision (MeV)

Optimistic Conservative

Statistics 9 9
Theory 8 24
Quick scan 2 2
ag 17 17
Top width 10 10
Experimental efficiency 5 44
Background 2 14
Beam energy 2 2
Luminosity spectrum 3 6
Total 24 57

TABLE V: The expected statistical and systematical uncertainties of the top quark mass

measurement in optimistic and conservative scenarios at CEPC, from Ref. [98]
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V. DARK MATTER AND DARK SECTOR (JIA, XIAOPING, YONGCHAO,
BHUPAL)

There is substantial evidence for the existence of Dark Matter (DM) from astrophysical
and cosmological observations. However, its particle nature remains unknown and is await-
ing exploration. Conventional dark matter candidates, such as weakly interacting massive
particles (WIMPs), have significant couplings to Standard Model particles, which enable the
thermal freeze-out mechanism and result in the correct relic abundance [99, 100]. This has
motivated searches for DM at high-energy hadron and lepton colliders, aiming to produce
dark matter particles directly. These searches target both heavy DM particles up to the
TeV scale and lighter ones down to the GeV scale. Collider searches offer a complementary

cross-check to direct and indirect search experiments.

Recently, a new class of models has garnered significant attention within the scientific
community, proposing that dark matter does not directly couple to Standard Model particles
but resides in a ”dark sector” (or "hidden sector”) [101]. The dark sector interacts with the
Standard Model through portal particles, which have tiny couplings to the Standard Model
sector to evade the null results from the direct detection. For these interactions to enable
secluded annihilation, the mass of the portal particles must be smaller than that of the dark
matter particles. Due to their feeble coupling and low mass, these portal particles are ideal
targets for searches at the luminosity frontier. Electron-positron colliders such as CEPC and
FCC-ee, which function as high-luminosity W, Z, and Higgs boson factories and offer cleaner
experimental environments compared to hadron colliders, are well-suited to search for these
feebly interacting portal particles [10, 102]. For example, the CEPC can search for exotic
decays related to the dark sector in both Z and Higgs decay events, as discussed in Sec. IV D.
Additionally, the CEPC is capable of searching for various dark matter particles, including
those predicted by supersymmetric models, scalar portals, lepton portals, and gauge mixing
portals. It can also investigate dark matter particles with millicharge, electromagnetic form

factors, and those described by effective field theory (EFT) frameworks. In Table

The phenomenology studies of dark matter and dark sector particles at the lepton colliders
have been performed intensively recently. In this section, we will refer to previous study
results in Ref. [10, 102] and focus exclusively on recent progress in the following benchmark

scenarios to highlight the capabilities of CEPC: (A) lepton portal DM, (B) interactions of
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Signal Effective operator Vs [GeV]|L[ab™1] Sensitivity Ref.
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TABLE VI: Recent results from the CEPC study on dark sector signals. The first column

lists the signal signatures, the second column presents the corresponding relevant

operators, the third and fourth columns provide the center-of-mass energy and the

integrated luminosity, the fifth column shows the sensitivity to the coupling, suppression

scale, or branching ratios, and the last column provides the references.

dark sector particles with neutrinos, (C) leptophilic DM in EFT framework, (D) dark sector

particles from Z/H associate production, (E) millicharge DM and EFT, (F) dark sector

particles with EM form factors, (G) the asymmetric DM and (H) long-lived dark scalar

related to heavy vector-like lepton.

A. Lepton portal DM

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

carefully arranging the interactions [108]. For instance, direct detection signals can be tuned

to couple to nuclear spin, or be suppressed by small momentum transfer or low velocity of

dark matter. Indirect detection signals can be p-wave suppressed by configuring the initial
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FIG. 20: Figure from Ref. [54], 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 A\gg are shown from future CEPC precision measurements,

in which the region above a given m, (corresponding to a colored line) can be probed.

dark matter pair state to have an angular momentum quantum number L = 1 or by being
chirally suppressed. Therefore, collider searches become crucial and complementary, as the
dark matter produced at colliders typically moves at velocities close to the speed of light,
rendering the low dark matter velocity suppression ineffective.

One relevant example for the CEPC is the lepton portal dark matter model [109], in
which a Majorana DM candidate, denoted as y, couples to the SM right-handed leptons
(r via a complex charged scalar mediator S through Yukawa-type coupling y,X.¢rST. Re-
cently, Ref. [54] have studied the collider phenomenology and the interplay with the gravita-
tional wave (GW) astronomy in an extension of the lepton portal dark matter model. The
masses of DM and mediator, as well as the lepton coupling 3, and the Higgs portal coupling
Ais|S|?|H|?* can be probed at the CEPC via the pair production of mediators ete™ —
ST ST 5 (+xl'~x, exotic decays of the Higgs or Z boson, h/Z — STHSTH) 5 f+yp'—y
and h — xx, and the Higgs couplings, including h{*¢~, hyy 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 ;% is negative, and the Higgs portal coupling
Apgs is large enough. In this case, the phase transition GWs can also be a probe of the
model. Figure 20 shows the LISA projections and the CEPC Higgs precision measurement
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
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Ref. [54] can be generalized to other leptophilic 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.

B. Interplay of dark particles with neutrinos

Interactions between dark matter (DM) and standard model (SM) particles have been ex-
tensively studied through direct detection methods [110-112], indirect detection techniques
[113-115], and collider searches [116-119]. The null results and stringent constraints on the
couplings have led to the postulation of a dark sector comprising particles with varying mass
scales and feeble couplings to the SM.

One advantage of collider detection is the ability to search for heavy particles as long as
their mass, m,, is less than or equal to /s. Thus, colliders can probe not only the true
DM particles that persist today but also any DS particles that can be directly generated.
Additionally, most constraints focus on the DM coupling with nucleons and, consequently,
quarks. Collider searches offer a tunable environment to distinguish between the leptophilic
and hadrophilic natures of DM.

Ref. [103] focuses on absorption operators that couple a dark fermion with neutrinos and
charged electrons/positrons. The study examines mono-photon and electron-positron pair
productions associated with missing energy (a neutrino and a dark sector fermion) at future
ete™ colliders such as CEPC, FCC-ee, ILC, and CLIC [103]. The findings indicate that
mono-photon searches prevail at CEPC and ILC, while e*e~ + ¥ dominates at CLIC. The
combined sensitivity can reach well above 1 TeV at CEPC/FCC-ee and ILC, and can further
extend to 30 TeV at CLIC.

Figure 21 shows astrophysical X /~-ray observations and cosmological constraints for sub-
MeV absorption dark matter [120], demonstrating that collider searches are actually more
sensitive. For a heavy dark fermion (m, > 2m,), the collider probe is generally weaker than
astrophysical and cosmological constraints due to the increased decay width. However, this
is only true when the dark fermion is assumed to be the genuine DM. The astrophysical and
cosmological constraints can be relaxed by the presence of a large number of particles in the
DS. In this sense, collider searches provide a complementary approach to addressing either

light or heavy dark fermions.
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FIG. 21: Constraints on the fermionic absorption DM from direct detection experiments
(PandaX-II, PandaX-4T, XENONnT, and LZ), cosmology, astrophysics, and the projected
sensitivities at the future lepton colliders (CEPC, ILC, and CLIC) [103].

C. Leptophilic DM in EFT framework

Most of the existing experimental constraints on DM crucially rely on its interactions
with nucleons, and can therefore be largely evaded if the DM predominantly interacts with
the SM leptons, but not quarks at tree-level. Such leptophilic DM (LDM) arises naturally
in many BSM scenarios [121-142], some of which could even explain various existing exper-
imental anomalies, such as the muon anomalous magnetic moment [143], DAMA /LIBRA
annual modulation [144], anomalous cosmic ray positron excess [145-148], the galactic cen-
ter gamma-ray excess [149], and XENONIT electron excess [150]. Dedicated searches for
LDM in direct detection [151-153] and beam dump [154, 155] experiments have also been
discussed.

Lepton colliders provide an ideal testing ground for the direct production of LDM and its
subsequent detection via either mono-photon [105, 156-167] or mono-Z [167-171] signatures.
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Here we will discuss the CEPC sensitivities to LDM in the monophoton channel following a
model-independent EFT approach [167]. See also Refs. [119, 160, 163, 172-181] for earlier
works on collider searches for DM in the EFT framework. Here we assume the LDM to
be fermionic and only show the results for the dimension-6 operators of vector-axialvector
(V-A) type for illustration. Within the minimal EFT approach, the only relevant degrees of
freedom are the DM mass m, and an effective cut-off scale A which determines the strength

of the four-Fermi operator given by

Lo = 53 3 (X%) (1) (2)

J
where I't = (cyy + c}vs) ¥ and I, = (cf + ¢45) 7, for V-A type. For simplicity, we will
also set ¢ = ¢ = ¢ = ¢§ = 1. For other choices of the couplings, our results for the
sensitivity on A can be easily scaled accordingly. Note that the EFT results are valid as
long as A > max{+/s, 3m,} [182].

Our results for the mono-photon case e*e™ — XX are shown in Fig. 22. The different
solid contours correspond to different CEPC operation modes as given in Table I. The details
of background estimations, signal selection and cut-based analysis can be found in Ref. [167].
The various shaded regions are excluded by direct detection (XENONI1T [183], PANDAX-
4T [184]), indirect detection (Fermi-LAT [185], AMS [186]), astrophysics (SN1987A [187])
and cosmology (CMB [185]) constraints. Along the dot-dashed line, the observed DM relic
density is reproduced for a thermal DM assuming only DM-electron effective coupling. From
Fig. 22, it is clear that CEPC can probe new LDM parameter space, especially in the low
DM mass range (for m, < 10 GeV).

D. Dark sector particles from Z/H associate productions

New hidden sector particles can be associated with the production of Z and H bosons
at the CEPC. In [104], we studied the reach of an ultraviolet (UV) model, the Double Dark
Portal model, at the CEPC with /5 = 250/500 GeV and £ = 5ab™'. This model includes
both vector and scalar portals, featuring a new dark sector scalar S with mixing angle sin «
to the SM Higgs, a new U(1)’ vector gauge boson K with kinetic mixing parameter €, and
fermionic dark matter y which couples to the U(1)" vector.

These new interactions can lead to the following associated production with the SM Higgs
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FIG. 22: The 30 sensitivity contours in the mono-photon channel for the LDM with V-A
operator structure with unpolarized e™e~ beams and different CEPC operation modes as
given in Table I. The various shaded regions are excluded by direct detection
(XENONI1T [183], PANDAX-4T [184]), indirect detection (Fermi-LAT [185], AMS [186]),
astrophysics (SN1987A [187]) and cosmology (CMB [185]) constraints. Along the
dot-dashed line, the observed DM relic density is reproduced for a thermal DM assuming
only DM-electron effective coupling. Figure updated from Ref. [167] for CEPC.

Hy and Z gauge boson: ZK, fyf( , and ZS, where the tilde denotes the particles in their mass
eigenstates. For the ZK channel, we considered the following decays: one where Z =W
and K — Yy, resulting in dileptons plus missing energy; and another where Z — ¢ and

K — 00, resulting in a four-lepton final state.

For the fyf( channel, we considered several decays: first, using the recoil mass method
to look for K inclusive decay; second, K — ¢, resulting in dileptons plus one photon final
state; and third, K — Yy, resulting in a mono-photon final state. For ZS, we considered
the leptonic decay of the Z boson and the dark scalar S decay into dark matter, resulting
in a final state of dilepton plus missing energy ¢ + .
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FIG. 23: Left panel: Projected exclusion regions in the € vs. mg plane from multiple
complementary searches of K production are shown in solid lines. The 3ab™* HL-LHC
projection for Drell-Yan constraints is also depicted as a solid line. Right panel: Exclusion
reach from the ZS, Z — ¢~ search in the recoil mass distribution for invisible S decays
in the sin o vs. mg plane using 5ab™" of ete™ data at /s = 250 GeV or 500 GeV. For

other constraints, see Ref. [104] for details.

We show the exclusion sensitivities of these channels in Fig. 23, which provide the limits
in the 2D parameter space e-myg for the dark vector and sin a-mg for the dark scalar. In
Fig. 24, we compare the collider sensitivity with dark matter detection and indirect detection
experiments, as well as the relic abundance requirement. We emphasize that the collider
constraint is not sensitive to the coupling between the DM and the mediator, as long as the
invisible decay of the dark photon dominates. Therefore, the reach of a future ete™ collider

will complement and potentially supersede that of dark matter searches.

E. Millicharge DM and EFT

The electron-positron collider CEPC can shed light on the particle properties of dark
matter (DM), which currently remain elusive despite the overwhelming evidence from cos-
mology and astrophysical measurements. Recently, Ref. [105] investigated the capability of
CEPC in probing the parameter space of several DM models: millicharged DM, Z’ portal
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FIG. 24: The reach of direct detection (red), indirect detection (brown), and searches at
ete” colliders (blue) in the € vs. myg plane from [104]. We fix gp = 0.01, m, = 0.2mx (left
panel) and m, = 0.495my (right panel). We also show the contours where x satisfies the
relic density measurement by the Planck collaboration as black dashed lines. Existing
constraints from LEP electroweak precision measurements (LEP-EWPT) and the BaBar

search for the K invisible decay (BaBar) are also included.

DM, and effective field theory interactions of DM. The monophoton signature at CEPC,
which arises when a pair of DM particles is produced in association with a photon, is shown
to be capable of significantly improving DM constraints, offering a promising avenue to
decipher the mysteries of dark matter [105].

The left panel figure of Fig. (25) shows the 95% CL upper bound from the monophoton
channel at CEPC on millicharged DM. The interaction Lagrangian of this model is given
by:

L = e A XX, (3)

where x is the Dirac DM, A, is the photon, e is the electromagnetic coupling strength,
and ¢ is the millicharge. Sensitivities are computed for the following three CEPC running
modes: 5.6 ab~! data in the H-mode, 16 ab~! data in the WWW-mode, and 2.6 ab~! data
in the Z-mode. The Z and H modes have the best sensitivity for DM below and above 40
GeV, respectively. The constrains on the millicharge in the mass range of 1-100 GeV can be

probed by CEPC, with an improvement factor of nearly one order of magnitude compared
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FIG. 25: Expected 95% CL constraints on the millicharge € (left) and on A4 (right) in
the three CEPC running modes. Also shown are other constraints/sensitivities on

millicharged particles [188-191] (left), and XenonlT constraints on Ay [192] (right).

to previous collider bounds.
The right panel figure of Fig. (25) shows the 95% CL lower bound on the new physics
scale for one of the effective field theory interactions of DM in Ref. [105]. The interaction

Lagrangian in this case is given by:

1 _
L= A—QXW%XM“M, (4)
A

where y is the Dirac DM, ¢ are charged leptons, and A4 is the new physics scale. The H-
mode yields the most stringent constraints on A4. The three modes of CEPC are expected
to lead to better limits in the DM mass range of m, < (10 — 25) GeV than XenonlT [192],

under the assumption that A4 takes the same value for charged leptons and quarks.

F. Dark sector particles with EM form factors

Primary importance for our understanding of elementary interactions is shedding light on
the dark sector states. Recently, Ref. [106] investigated the sensitivity of CEPC on the dark
states with electromagnetic form factors for magnetic dipole moments (MDM) and electric
dipole moments (EDM) at mass-dimension 5, and anapole moment (AM) and charge radius
interaction (CR) at mass-dimension 6.

In Ref. [106], the fermionic dark state x may have the effective interactions with the

hypercharge gauge boson field B, [193, 194], and the interactions can be written with elec-
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tromagnetic field strength tensor F,, = 9,4, — 0,4, and Z gauge field strength tensor
Zyw =02, — 0,7, as

1 — v i — _puv - v - v
Ly = X" XFu + 5 X0" VXE — a XV X0 Fpu + by X" X0" F (5)
1 ) Py . ) o
+ SHXO X D + S dIXOM Y XL — XY XD Dy + B XY XD Dy

Here Cf = —C, sinfy with C,, = pu,, d,, a,, by, and Oy denotes Weinberg angle. p, and
d, are the dimensional coefficients of the mass-dimension 5 MDM and EDM interactions,
expressed in units of the Bohr magneton up, and o,, = i[y*,7"]/2; a, and b, are the

dimensional coefficients of the mass-dimension 6 AM and CR interactions.
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FIG. 26: The expected 95% C.L. exclusion limits on the electromagnetic form factors for
mass-dimension 5 operators (Left) through MDM (solid) and EDM (dashed), and for
mass-dimension 6 operators (Right) through AM (solid) and CR interaction (dashed) in
the four CEPC running modes [106]. The landscape of current leading constraints are also
shown with shaded regions, exploiting from terrestrial experiments, such as proton-beam
experiments CHARM-IT or E613 [195], monophoton searches and Z-boson invisible decay
at LEP and monojet searches at LHC [194], and astrophysics supernovae SN 1987A [196].

The dark states x can be produced from the process ete™ — v/Z — xx at CEPC. In
order to probe the dark state at CEPC, one should consider y¥ pair production associated
with a hard photon radiated from the initial state electron or positron ( ete™ — xx7), i.e
the typical monophoton signature.

Fig. 26 shows the 95% C.L. upper bounds at CEPC via the monophoton channel on

the electromagnetic form factors for mass-dimension 5 operators through MDM (solid) and



o7

EDM (dashed) on the left , and for mass-dimension 6 operators through AM (solid) and
CR interaction (dashed) on the right. The limits are obtained using 20 ab™" data in the H-
mode, 6 ab~! data in the WWW-mode, 100 ab™' data in the Z-mode, and 1 ab™! data in the

tt-mode. The Z-mode has the best sensitivity on the light dark states for mass-dimension

5 operators MDM with m, < 35 GeV, and EDM with m, < 25 GeV, which can probe
the couplings down to about 3.7 x 10~7 ug. The H-mode has the best sensitivity on the
the light dark states for mass-dimension 6 operators AM with m, < 63 GeV, and CR with
m, < 89 GeV, and the corresponding couplings can be probed down to about 1.3 x 107°
GeV~2 and 9.8 x 1077 GeV~2 respectively. Furthermore, one finds that CEPC can explore

the previously untouched parameter region for both mass-dimension 5 and mass-dimension

6 operators of dark states in the future.

G. Asymmetric DM

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 (Qpy ~ 58p) [197, 198].
This coincidence provides the motivation to consider the so-called “asymmetric DM” (ADM)
model [199-202].

A new ADM model has been proposed and studied in [107]. 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 ®) that is
charged under SU(3)" and standard model (SM) U(1)y. Mediator ® couples to dark quark
(labeled as ¢’) and SM right-hand leptons, and thus provide a portal for us to search for.

The Lagrangian related to collider search is
. 1 _
LD ¢P—my)d + (D,P)(D"®) — midTd — ZIG’“ G — (K¢ Llg + hec), (6)

where G is the field strength of dark gluon. Mediator ® can be produced in pairs at LHC
via the Hyper charge it carries. Then ¢ decays to a SM lepton and a dark quark ¢’. While
on CEPC, ¢'¢’ can be produced directly via a t-channel ®. Due to the dark confinement, ¢’

will hadronize to a cluster of dark mesons (labeled as 7). Dark meson 7’ (long-lived) will
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FIG. 27: 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 o exclusion limits on the mediator mass mg as a function of the dark pion proper

decay length, with coupling « fixed to 0.5 and 1.0 respectively.

decay to lepton pair via the ® portal, and leave displaced vertex inside detector. Fig. 27
(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. 27 (right).
The mass of mediator can be excluded up to O(10) TeV, if the proper lifetime of dark pion
7' is between 10 mm and 10 m. This bound is stronger than the limit from current ATLAS

displaced lepton jet search result [203].

H. Long-lived dark scalar

Recently, vector-like leptons (VLL) as a simple extension to the standard model have
attracted widespread attention both in theory and experiments. The VLL model can include
an additional dark sector scalar ¢, mediating the heavy vector-like lepton F'* mixing with

the first SM lepton generation [204]. The relevant Lagrangian in the mass basis reads:

Lint D F(i@u —eA, +etanby Z,)V'F — mpFF — myll
1 e

2 sin Oy cos Oy

—y¢ (Flr + UpFp + 0 FF — 0.00)

e

HLZM(FL’}/MEL + hC) - me
w

L(W;DL’YMFL + hC) (7)

where the mixing parameters 0,z hold the relation 0 ~ g—ﬁtan Or < Or. Ref. [204]

focuses on the parameter space mp > my > my and mp > 200 GeV to avoid constraints
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from multilepton and Z boson searches. In this case, the scalar ¢ can only decay to a lepton
pair £/, but this decay is suppressed by the mass ratio (my/mp)?, thus ¢ can naturally be

long-lived.

Regarding CEPC, one requires the lepton in Eq. (7) to be an electron. Therefore, the
electron-positron collider can produce a pair of dark scalars ¢¢ by exchanging F'* via the ¢
channel, followed by subsequent decays into a pair of e*e™ particles. Since the CEPC has a
center of mass energy much smaller than the LHC, the direct production of the heavy VLL

I is not possible.

If ¢ is long-lived, its decay to an electron pair can lead to a displaced vertex (DV) signa-
ture. Since there are two ¢ scalars, there could be one displaced vertex without specifying
where the other ¢ decays, leading to the inclusive displaced vertex (iDV) signature. It is
also possible that both ¢ scalars decay in the inner tracker, allowing the reconstruction of

two DVs from di-electrons.

The corresponding sensitivities for the iDV and 2DV at future CEPC are studied in
Ref. [204] and shown in Fig. 28, where the number of signal events N = 3 is plotted.
Compared to HL-LHC searches, the DV searches at CEPC can effectively probe low-mass
me but are less capable of detecting larger masses due to the lower center-of-mass energy
of CEPC. In comparison with the dilepton plus missing energy searches at the LHC, which
exclude very small coupling combinations yf;,, CEPC shows complementary sensitivity for

intermediate yfy, € [1071,1077).
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FIG. 28: The expected 95% C.L. sensitivities at the Higgs factory of CEPC for the long-lived

scalar case are shown as a function of the scalar or vector-like lepton mass mg or mp for

L =56 ab ! and /s = 240 GeV. The sensitivities for different masses of the vector-like

lepton mp and the scalar m, are shown with different colors. The sensitivities from iDV

(inclusive displaced vertex) and 2DV (two displaced vertex) search strategies are indicated

with dashed lines without color shading and with solid lines with color shading, respectively.

Moreover, the gray-shaded regions represent the constraints from LHC dilepton and missing

energy or transverse momentum searches, with the corresponding colors as boundaries for

different masses.
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VI. LONG-LIVED PARTICLE SEARCHES (LIANG LI, YING-NAN MAO,
KECHEN WANG, ZEREN SIMON WANG)

Recent years have witnessed a surge of interest in new fundamental particles with a
relatively long lifetime which are predicted in many theoretical incarnations of physics be-
yond the Standard Model (BSM) and are often dubbed “long-lived particles” (LLPs). Such
particles are supposed to become long-lived, for various reasons including feeble couplings
to other particles, phase space suppression, approximate symmetry, and heavy mediators.
Moreover, LLPs can resolve multiple fundamental problems of the Standard Model (SM)
such as the non-vanishing neutrino mass, dark matter, baryogenesis, and naturalness. Ex-
amples include heavy neutral leptons, dark photons, axion-like particles, and dark Higgs
bosons (see, for instance, Refs. [205-209] for reviews of different models predicting LLPs).
On the other hand, at colliders such as the LHC, searches for heavy new particles have been
going on, with no concrete discovery except stringent lower bounds on the mass of these
particles such as squarks at 2 — 3 TeV [210-214]; this situation has also shifted much at-
tention in the community towards other BSM signatures including those asociated with the
LLPs [215-219]. For these reasons, collider searches for LLPs are becoming an increasingly

important approach to probing BSM physics.

While the LHC has observed the SM Higgs boson in 2012 [220, 221], entered the Run 3
phase recently, and is expected to complete its high-luminosity stage by mid-2030s, inten-
sive discussion concerning the next-generation high-energy colliders has never ceased since
decades ago. Such discussion mainly centers around these colliders’ potential in discovering
new fundamental particles and interactions. These future collider-experiments include the
Circular Electron Positron Collider (CEPC) in China [10, 222-225], the International Linear
Collider (ILC) in Japan [226-230], and the Future Circular Collider (FCC) [3, 231-233] and
the Compact Linear Collider (CLIC) [234, 235] at CERN. The ILC and CLIC would be
linear electron-positron colliders, while both the CEPC and the FCC in its initial stage,
called the FCC-ee, would be operated as circular colliders of electron and positron beams.
These future colliders would be running at the center-of-mass (CM) energies ranging from
about 91.2 GeV at the Z-pole, 240-250 GeV as a Higgs factory, 160 GeV as a W-boson
factory, 350 GeV as a top-quark factory, to even higher energies up to the TeV scale. The

corresponding gauge and Higgs bosons are thus produced in a clean environment (i.e. with
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only little background contamination). We note that for the Higgs-factory mode at the CM
energy of 240 GeV, sensitivities shown in this section usually correspond to the integrated
luminosity of 5.6 ab™! for the CEPC, and the upgraded luminosity of 20 ab™! can lead to

stronger discovery sensitivities.

Compared to hadron colliders such as the LHC, the high-energy electron-positron colliders
usually have higher integrated luminosities and looser trigger conditions. This allows for not
only precision measurements of the SM particles and parameters, but also searches for new
particles including LLPs e.g. via rare (electroweak) decays of the SM particles such as the
Z- and Higgs bosons. Since the e~e* colliders have definite colliding-parton energies, recoil
strategy can be adopted in collider searches. Phenomenological studies on their sensitivities
to LLPs have been performed extensively; see e.g. Ref. [236] for recent reviews of LLP
experiments at the proposed FCC-ee collider. These works have considered not only the
default detector located at the interaction point (IP), dubbed “near detector” (ND) in this
work, but also the proposed external detectors (or “far detectors” (FDs) away from the IP),
for searching for LLPs. Moreover, beam-dump experiments have also been suggested for
construction at future e~ et colliders, aiming primarily at finding new exotic states with a
long lifetime. We note that the LLPs produced at the IP of beam-energy-symmetric e~ e*
colliders tend to travel along the transverse direction in the laboratory frame, while at pp
colliders the LLPs often employ a large boost in the forward/longitudinal direction as a

result of the proton’s parton distribution.

This section is organized as follows. In Sec. VI A we present a computation procedure
of LLP signal-event rates at colliders. Then in Sec. VIB, Sec. VIC, and Sec. VID, we
review LLP studies and summarize their results at near detectors, proposed far detectors,
and possible beam-dump experiments, respectively, for future high-energy e~e™ colliders.

Finally, we conclude in Sec. VIE with a summary and an outlook.

A. Computation of LLP signal-event rates

In this section, we present and discuss a simplified and widely used computation procedure

of the theory-predicted signal-event rates of the LLP.
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FIG. 29: Sketch of the production and decay of a LLP at electron-positron colliders.

As shown in Fig. 29, we assume that the LLP is produced (essentially) at the IP of a
collider, and travels a macroscopic distance with a constant velocity[237] before decaying
into SM or other new particles. The survival probability of the LLP after traveling a distance
D can be estimated with the exponential decay law P(D) = e P/ where ) is the LLP’s
boosted decay length in the laboratory frame. Considering the effect of special relativity, A

can be calculated as

E
)\:ﬂ’}/CT:%ECT:%CT, (8)

where ¢ is the speed of light, while p, E, and m are the magnitude of the three-momentum
p, energy, and mass of the LLP, respectively. § = p/FE and v = E/m are the speed and
boost factor of the LLP, and 7 is the LLP’s lifetime in its rest frame and can be predicted
from theoretical model parameters. With the knowledge of the boosted decay length of an
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LLP denoted with the index ¢, it is then possible to compute its decay probability inside the

fiducial volume (f.v.) of a detector, if the moving direction of the LLP points towards it,

PI(LLP); in fiv.] = e-P%) — o(-Pi/%) )

?

where D¢ (D!) is the distance from the IP to the point on the detector surface where the
LLP would enter (leave) the detector if not having decayed beforehand, and ); is the LLP’s
boosted decay length. Note that D¢ < D! by definition. Obviously, P[(LLP); in f.v.] = 0, if
the LLP travels outside the fiducial volume’s window. In practice, the cylindrical /azimuthal
symmetry, if (approximately) present for the relative position and orientation between the
detector and the IP, can be made use of since the LLP kinematic distribution in the azimuthal
angle is almost always homogeneous, as an overall factor applied to the right-hand side of
Eq. (9). Taking advantage of the azimuthal symmetry allows for obtaining robust results
with fewer MC simulation events required.

In a phenomenological analysis, the average decay probability of an LLP in a detector’s
fiducial volume, (P[LLP in f.v.]), is often required in order to predict the signal-event rates.
To achieve sufficient precision in the prediction, it is usually required to perform Monte
Carlo (MC) simulation, unless the signal-event kinematics can be analytically derived. We

thus compute (P[LLP in f.v.]) with

MC
NLLP

(P[LLP in f.v.]) = NMC > P[(LLP); in f.v] . (10)

LLP —;

Here, NM$ labels the total number of the LLPs generated with the MC simulation program,
and P[(LLP); in f.v.] is obtained with Eq. (9).

We can therefore express the expected signal-event number with,

NEP = NPod . (PILLP in f.v.]) - Br(LLP — vis) - €qet (11)
where NP9 = oPd . £ is the total number of the LLPs produced at the collider and is

determined by the LLP’s production cross section o and the collider’s integrated lumi-
nosity £. It is important that the kinematic cuts (if there is any) to which N{[ 5 4 corresponds
should be aligned with those imposed in the MC simulations for computing (P[LLP in f.v.]).
Br(LLP — vis) is the branching ratio of LLP decaying into visible products. €4 denotes the

detector efficiency for the visible final state. For simplicity, we do not include the possible
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dependence of €4, on the momentum, energy, or production position of the final-state par-
ticles from LLP decays. Further, LLP searches often impose cut selections on observables
typical for LLP decay products, such as requiring a large transverse impact parameter. If
such selections and detector efficiencies specific for LLPs are to be imposed, it is required
to simulate the LLP decays with correct decay BRs including the decay positions handled
by the MC simulation tool used.

Eq. (11) depends in a complicated way on not only the collider setups including the
detector’s design but also the theoretical model parameters such as the LLP’s mass and its
couplings to other particles. The LLP production cross section, Uﬁiof} , is affected by both the
collider beam energies and the coupling(s) inducing the LLP’s production, and L reflects
linearly the volume of the collected data. To compute the average decay probability in
the detector’s fiducial volume, (P[LLP in f.v.]), we should take into account the detector’s
geometry such as its position, shape, and volume, as well as the LLP’s kinematics determined
by beam energies, LLP mass, as well as its proper lifetime which further depends on its mass
and decay couplings. The visible decay branching ratio Br(LLP — vis.) can be predicted
by the LLP’s mass and sometimes also its decay couplings’ strengths. Finally, the detector
efficiency €4¢¢ can often be modeled as a function of the LLP’s energy and travelling direction,

and is essentially determined by the detector’s design.

In the large decay-length limit (which is usually of the most interest in LLP studies) such
that the boosted decay length A of the LLP is mostly dominant over the distance between
the IP and the detector, the right-hand side of Eq. (9) can be expanded and as a result,
the LLP decay probabilities in the fiducial volume and hence the signal-event number N;jp
become essentially, to the first order, proportional to AD = D! — D¢ times an overall factor
accounting for the proportion of the generated LLPs travelling inside the window/solid-
angle coverage of the detector. Assuming a fixed AD, the ND has the advantage of a huge
solid-angle coverage compared to a FD, which can be offset, in principle, by building a FD
with a large volume depending on its distance to the IP and the available space. However,
for a FD, it is possible to implement shielding measures such as rock and lead in the space
between the IP and the FD, thus removing potential background sources that would weaken
the sensitivity reach especially for the ND. For beam-dump experiments, a boost of the LLP
in the forward direction should be exploited and thus increasing the length of the detector

can linearly strengthen the signal-event rates.
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We note that advanced neural networks, trained using deep learning techniques to exploit
the distinct LLP signatures and topologies, can further differentiate signals from SM back-
grounds, especially in a clean environment provided by lepton colliders. Ref. [78] demon-
strates that LLP searches can reach their full physics potential by harnessing the power
of machine learning (ML). The LLP signal efficiency with an ML-based approach can in-
crease significantly compared to traditional selection-based methods, while maintaining a

background-free environment.

We conclude the section with a brief discussion on typical potential background sources
for LLP searches at colliders. Although in general collider searches for LLPs suffer from
relatively few background sources compared to prompt searches, there remain several typ-
ical origins of background events [216, 219]. Particle collisions induce scattering processes
that produce certain SM particles that have a relatively long lifetime such as charm and
bottom mesons, leading to collider signatures similar to those of BSM LLPs. Non-collision
background sources include material interactions with SM particles, fake tracks and DVs,
detector noise, and cosmic-ray muons. While the SM irreducible background events can of-
ten be simulated in a reliable way, the non-collision type of background sources can usually
be estimated only with non-traditional methods such as data-driven approaches, especially
for the ND experiments. For FD and beam-dump experiments, the large space available
between the IP/beam dump and the detector can often allow for installation of shielding,
removing some of these backgrounds to a large extent such as long-lived SM particles. In
practice, in many phenomenological analysis on collider searches for LLPs, in particular in
the context of FD or beam-dump experiments, the assumption of zero background event is
often made, expecting novel experimental strategies and methods, as well as instrumented
apparatus such as shielding with lead or rock, can remove essentially all the background

events.
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B. Studies with near detectors
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FIG. 30: Typical LLP signatures at the ND of a collider. Taken from Ref. [217].

LLPs can manifest themselves via different signatures at the ND of a collider. This is
illustrated in Fig. 30 extracted from Ref. [217]. Charged LLPs, if not too soft, can leave a
visible track inside the ND. For example, heavy stable charged particles (HSCPs) can travel
through the whole detector without decaying, leaving a complete track. Similarly, a charged
LLP can decay inside the ND into charge-neutral or soft charged final states, resulting in a
disappearing track. Neutral LLPs often couple only very feebly with SM particles, so that
they do not interact with the detector material. If they leave the ND without decaying, they
appear simply as missing energy or transverse momentum, and can only be searched for if
they are produced in association with visible objects. However, if they decay inside the ND
but with a macroscopic distance from the IP, exotic signatures can arise including displaced

vertex, displaced leptons, displaced jets, and non-pointing photons.
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In the rest of this section, we review past LLP studies with the ND at future high-
energy electron-positron colliders, which cover various theoretical models and collider signa-
tures. LLP studies related to the flavor physics are discussed in Sec. VIII. Sensitivity results
for long-lived heavy neutral leptons, doubly-charged scalars in seesaw models, electrophilic

axion-like particles (eALPs) are presented in Sec. XB 1, Sec. X E, Sec. XI A, respectively.

1. Higgs boson decays

LLPs can be produced from exotic decays of the Higgs boson, c.f. Sec. IVF 1. Recent

studies are summarized as follows.

New scalar particles:

Ref. [78] performs a search for neutrally charged LLPs (X;, X3) produced via the rare
decay of the Higgs boson. The signal process is ete™ — ZH(Z — inclusive, H — X + X5)
at /s = 250 GeV. X and X, can each decay into a v pair or a ¢q pair, resulting in final
states with either two jets (type-I signal) or four jets (type-II signal) [238]. The study is
conducted using full simulation MC samples corresponding to an integrated luminosity of
20.0 ab~!' and about 4 x 10% Higgs bosons. Both Convolutional Neural Networks (CNN)
and Graph Neural Networks (GNN) have been trained using full MC signal and background

samples. The results of two neural networks agree with each other.

Figure 31 shows constraints on the branching ratio of Higgs boson decay to LLPs. For

the two LLPs signal types, a parameter €y := BR(X_”’D)) is defined. In the case of Type I and

BR(X—4qq
Type II signal yields having a fixed ratio, a vahie ogq().2 is set and a one-dimensional 95%
Confidence Level upper limit on B(H — LLPs) is derived and shown in Figure 31a). In the
case of Type I and Type II signal yields having a floating ratio ¢, with an allowed range
of 107% and 100, a one-dimensional 95% Confidence Level upper limit on B(H — LLPs)
is derived and shown in Figure 31b). In the fixed ratio case, the upper limit results have

significantly smaller uncertainties than the floating ratio case. The best upper limit result

in the fix ratio case is 1.2 x 107% on B(H — LLPs) with a statistics of 4 x 10° Higgs bosons.
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FIG. 31: (Color online) 95% C.L. upper limit on the branching ratio (BR) for the Higgs boson
(H) decay into pairs of LLPs (X;X,) via ete™ — ZH, where ey is the ratio %. a): a
fixed ratio ey = 0.2, b): a floating €. The shaded areas indicate statistical and systematic

uncertainties combined. Taken from Ref. [78].

Ref. [79] investigates long-lived scalar particles produced from exotic Higgs-boson decays
at the CEPC and FCC-ee. The signal process is Higgsstrahlung e~ e™ — hZ at /s = 250
GeV, followed with h — XX and Z — (¢ (¢"), where { = e,n and X is the long-lived
new scalar boson. X is assumed to be produced at the IP and is required to decay inside
the inner tracker into a pair of quarks, leading to displaced hadronic final states. The X
particle is required to decay at a position with a distance larger than 3 cm (5 ) to the
IP, for the “long lifetime” (“large mass”) analysis. Further, this displacement distance is
required to be within the outer radius of the tracker which is 1.81 (2.14) m for the CEPC
(FCC-ee) detector. The dominant SM background processes, e~et — hZ — (bb)({*(™)
and e“et — ZZ — (bb)(£*¢7), are investigated and selection cuts are imposed in order
to eliminate such background. The numbers of Higgs bosons produced at both CEPC and
FCC-ee are considered to be 1.1x10°. In addition to forecasting sensitivities to the branching
ratio of h — X X as shown in Fig. 32, results are also interpreted in the parameter space of
theory models including the Higgs-portal Hidden Valley model and various incarnations of

neutral-naturalness models.
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FIG. 32: Projected 95% h — X X branching ratio limits as a function of proper decay length

for a variety of X masses. Blue lines are for CEPC and orange lines are for FCC-ee, and

where only one is visible they overlap. The larger dashes are the ‘long lifetime” analysis and

the smaller dashes are the ‘large mass’ analysis. Taken from Ref. [79].

Ref. [80] studies displaced-vertex signatures of scalar LLPs pair-produced from exotic

Higgs decays at the CEPC and FCC-ee with CM energy /s = 240 GeV and an integrated

luminosity £, = 5.6 ab~!. These charge-neutral LLPs decay into a pair of leptons or quarks

at the partonic level. Two theoretical models are investigated: a Higgs-portal model and

a neutral-naturalness model. These two models feature two representative mass ranges for
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scalar LLPs, corresponding to different characteristic signatures at colliders.

The Higgs-portal model includes a very light scalar boson, hs, in the sub-GeV mass
regime, stemming from a singlet scalar field appended to the SM. Such a light scalar LLP
decays into a pair of muons or pions, giving rise to a distinctive signature of collimated
muon-jet or pion-jet, thanks to the sub-GeV mass. Thus, for this model, the signal process
is h — hghg, hy — p~pt, 77" where the SM Higgs boson h is produced in Higgsstrahlung
process. For the dimuon decay of hg, displaced muons are detected in either the inner
tracker (IT) detector or muon spectrometer (MS). Further, for hy decays into a pair of
charged pions, displaced vertices are considered to be reconstructed in the I'T, HCAL, or
MS. The background is assumed to be negligible after event selections on the opening angle
of the LLP decay products are imposed, and 95% C.L. sensitivity reaches are presented in
terms of three-signal-event contour curves in the plane spanned by the h, mass and the Higgs
bosons mixing angle 6, for two benchmark choices of the new scalar-single field’s vacuum

expectation value (vev) (x) = 10,100 GeV.
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FIG. 33: Sensitivity reaches of 10g10(Ngigna1) at the CEPC for the Folded SUSY model. The

black(red) curves correspond to kK = Kmax (K = Kmin). Taken from Ref. [80].

On the other hand, the neutral-naturalness model, e.g. folded supersymmetry, predicts
the lightest mirror glueball 07 of mass O(10) GeV, leading to displaced decays with a large
transverse impact parameter because of the relatively large mass. The mirror glueball in
the mass range of O(10) GeV dominantly decays into a pair of b-jets, which is taken to

be the signal channel. Thus, for this model, the signal process is h — 070+, 0+ — bb.
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Two major background processes are taken into account: e~e* — ZZ — ({7£~,jj)(bb) and
e~et — Zh — (£¥¢7,55)(bb), in which the bb pair comes from prompt Z-boson’s or SM
Higgs boson’s decay. Sensitivity reaches are shown in Fig. 33 in terms of the contour curves
with different numbers of signal events, in the (mg, m;) plane, where m; is the stop mass, for
two possible parameterizations of x, which is a parameter taking into account the effect of
the glueball hadronization and nonperturbative mixing effects between the excited glueball

states and the SM Higgs boson.
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FIG. 34: Top: bounds on Ay, and sin? @ for various singlet masses arising from searches for

displaced jets in Higgs decays at the FCC-ee with /s = 240 GeV and integrated luminosity

Ly, = 5ab™"; the dashed lines show the upper naturalness limit Aj3* = mj3 /v®+4mmy sin 6 /v.

Bottom: bounds on Asg and sin® § for various singlet masses arising from searches for delayed

jets in Higgs decays; the dashed lines show the upper naturalness limit A% of for each mass.

Since physics is the same, sensitivities can be interpreted as the results at the CEPC. Taken

from Ref. [239].

Ref. [239] computes collider sensitivities to long-lived singlet scalar particles produced
from SM Higgs-boson decays, h — ¢¢, considering signatures of invisible decays, displaced
and delayed jets, and coupling fits of untagged decays. Results from the searches of displaced
and delayed jets are shown in Fig. 34 for FCC-ee with /s = 240 GeV and integrated
luminosity £, = 5 ab™!. Results for invisible decays are also given in this study. Since

physics is the same, sensitivities can be interpreted as the results at the CEPC.
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Hidden valley particles:
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FIG. 35: Expected 95% CL cross-section upper limits on the o(H) x BR(H — 7970), within
the model [240], for three different 70 masses: 25 GeV (green), 35 GeV (yellow), 50 GeV
(blue), as a function of 7V lifetime for /s = 350 GeV (a) and /s = 3 TeV (b). Since physics
is the same, sensitivities can be interpreted as the results at the CEPC with upgraded CM
energies. Taken from Ref. [241].

Ref. [241] works on the sensitivity reach to massive LLPs using the ILD detector at
CLIC with /s = 350 GeV and 3 TeV, and an integrated luminosity of 1 ab™! and 3 ab™?,
respectively. The study is in the context of the Hidden Valley model. In this work, two
long-lived Hidden-Valley particles are pair produced from the SM Higgs boson decays, and
subsequently decay into b-quarks, i.e. h — 7%m% — (bb)(bb), providing four b-jets in the final
state. At /s = 350 GeV, Higgs bosons are dominantly produced from the Higgsstrahlung
process (e~et — Zh), while at /s = 3 TeV, the dominant production channel is the WW-
fusion (e~et — vih). Signal samples with 70 lifetimes from 1 to 300 ps, masses between
25 and 50 GeV, and the parent Higgs mass of 126 GeV, are generated, while background
samples of qq, qquv, q4qq, qqqvi are generated, with additional samples of ¢t and WW Z
for \/s = 350 GeV. The observables based on reconstructed displaced vertices are input for

performing multivariate analysis and reducing the SM background. Sensitivity results are
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presented for the production cross-section (o(h) x BR(h — 7%70)) as a function of the LLP’s
lifetime for three different 70 masses: 25, 35, 50 GeV. We reproduce them in Fig. 35.
Dark photons:
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FIG. 36: The minimum branching ratio H — vyp7vyp to which SiD will be sensitive for
Vs = 250 GeV and 2 ab™!, when both leptonic and hadronic decays are reconstructed
within the regions R1 and R2, for ¢ = 1075 1077, Since physics is similar, sensitivities
can be interpreted as the results at the CEPC with the same CM energy and integrated
luminosity. Taken from Ref. [81].

Ref. [81] studies sensitivity to long-lived dark photons produced in Higgsstrahlung events
via the Higgs portal, h — ypyp, with the Silicon Detector (SiD) at ILC. The considered
signal process is e~ et — Zh — (¢q) (Ypyp),vp — £ €T /qq at /s = 250 GeV with an inte-
grated luminosity of 900 fb~! for each of two polarization cases ey e}, and ere; at nominal
ILC TDR polarization fractions, and 80% electron polarization and 30% positron polariza-
tion, respectively. The following SM background processes are considered and generated:

2-fermion states e"et — ff, 3-fermion states ey — eZ,vW — 3f, and 4-fermion states
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ecet = WW,evW, ZZ,eeZ,viZ — 4f. Two requirements for fiducial regions “R1” and
“R2” are taken into account. It is found that the requirement of a displaced vertex formed
from tracks with measurably large impact parameter in the clean ILC event environment
likely suppresses background events to a negligible level. Assuming no background with
the selections outlined in the study, baseline sensitivities on the minimal branching ratio
h — vpvp as a function of vp mass are presented in Fig. 36 for several choices of the kinetic
mixing parater €. Additionally, this study also presents the first full simulation of LLPs for
SiD. Since physics is similar, sensitivities can be interpreted as the results at the CEPC with

the same CM energy and integrated luminosity.

2.  Z-boson decays

Future lepton colliders such as the CEPC and FCC-ee would run as high-luminosity Z-
boson factories, which offer a unique opportunity to study LLPs from rare Z-boson decays,

c.f. Sec. IVF 2. Recent studies are summarized as follows.
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FIG. 37: The sensitivity estimate of the CEPC (grey) and the FCC-ee (green) presented in
the 2D plane of )\’112/m§~ vs. mge assuming BR(Z — XIX}) = 107 (left) and 10 (right),
respectively. The solid contour curves correspond to three decay events in the fiducial volume
when considering all decay modes of X!, while the dashed lines include only visible/charged
decay modes (K*)*e¥, e~us or e*us). The estimates for experiments at the LHC: AL3X,
CODEX-b, FASER and MATHUSLA, are reproduced from Refs. [242; 243]. The ATLAS
results correspond to HL-LHC for /s = 14 TeV and 3 ab™! integrated luminosity. The
black horizontal dashed lines correspond to the current RPV bounds on the single coupling

A2 [244] for three different degenerate sfermion masses mj; = 250 GeV, 1 TeV, and 5 TeV
as labelled. Taken from Ref. [82].

Ref. [82] considers the physics scenario where the long-lived lightest neutralino pair x99
is produced from Z-decays in the context of the R-parity-violating supersymmetry model.
The lightest neutralino Y9 is dominantly bino-like with small Higgsino components. The
study focuses on the )\;jkLi . QjDk operators, and \,;, L1 - Q1 D5 is chosen to be the only
nonvanishing RPV operator, which leads to the lightest neutralino decays to SM particles
via a sfermion exchange. For mgo < my /2 and small A couplings, the lightest neutralino
becomes long-lived and decays after having travelled a macroscopic distance. The signal
process is Z — X0x), X} — eTK®*/eTjj at /s = 91.2 GeV. The fiducial volume of the
detectors is considered as the inner detector consisting of the vertex detector and the tracker.

This choice is conservative and ensures that the electrons produced from the neutralino
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decays could be reconstructed. The signal events require at least one neutralino decaying
inside the inner detector, while the other could decay either inside or outside the inner

detector.

The background is assumed to be negligible, and sensitivity reaches are presented in terms
of three-signal-event contour curves on the model parameters. Fig. 37 shows the sensitivity
estimate of the CEPC (grey) and the FCC-ee (green) in the 2D plane of A}, /mfc vs. myo for
two different benchmark values of BR(Z — x%x!), respectively. The analyses indicates that
when assuming Br(Z — x7x}) = 107 and mgo ~ 40 GeV, the model parameter )\’112/mfg
can be probed down to as low as ~ 1.5 x 10714 (3.9 x 107*) GeV 2 at the FCC-ee (CEPC)
with CM energy /s = 91.2 GeV and 150 (16) ab™' integrated luminosity. Sensitivity
results are compared with the projected sensitivity reaches of the ATLAS experiment at the
HL-LHC [245] and the proposed LHC experiments with far detectors (AL3X [246], CODEX-
b [247], FASER [248], and MATHUSLA [208]).
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FIG. 38: Prospected CEPC/FCC-ee 95% CL exclusion on the (mq, fo/C}),) plane for a
muonic ALP (C4 = 0, Eyy = 0) with different assumptions for the integrated luminosity £,
as indicated. On the right side of the dashed grey line the proper decay length of the ALP
is ¢7, < 10 m. The region to the left of the red dashed line is excluded by SN1987A data,
according to the analysis in [249]. The dotted cyan contours show the ALP contribution to

the anomalous magnetic moment of the muon, Aa, = (g — 2),/2. Taken from Ref. [83].

Ref. [83] probes axion-like particles (ALPs) coupled to charged leptons in leptonic decays
of the Z-boson at CEPC and FCC-ee. The ALPs are assumed to have very long lifetime,
travel through the near detector, and behave as missing energy. The signal process is
e~et — Z0) 5 (~¢ta at /s = 91 GeV. This study analyzes the signal process of e"et —
p~pta, and considers background sources including 7777, utp v, and ptu~y (where v
gets undetected). Fig. 38, extracted from Ref. [83], presents sensitivity reaches in terms of
the contour curves in the f,/ C’;?” vs. m, plane for various integrated luminosities of 50, 100
and 150 ab~'. Limits based on the ALP contribution to the anomalous magnetic moment of
the muon are also shown together. The sensitivity reaches for the ALP with a large coupling

to photons and negative C’;j‘u are also derived in this study.
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3. Supersymmetry (SUSY)

Ref. [250] reviews studies on LLPs at the ILC and CLIC in the context of SUSY models.
The long-lived next-to-lightest supersymmetric particle (NLSP) is the stau 7, and the lightest
supersymmetric particle (LSP) is the gravitino G or axino @. The signal includes both the
2-body decay process 7 — 7G /7 and 3-body decay process 7 — y7G/yTa.

Ref. [251] studies the SUSY scenario at the ILC where the gravitino G is the LSP and
a charged stau 7 is the long-lived, metastable NLSP. The signal process is 7 — 7G. In
the analyses, stau detection and measurement principle consists of several steps: identify
a 7 and determine its mass from kinematics; follow the track until it is trapped inside the
detector; observe the stopping point until a decay 7 — 7G is triggered by a large energy
release uncorrelated to beam collisions; record the decay time to determine the 7 lifetime;
finally, measure the 7 recoil energy to get the gravitino mass. The case study assumes the
ILC running at /s = 500 GeV and an integrated luminosity £ = 100 fb~!.

Ref. [252] investigates the prospects of observing lepton flavour violation at future e”e™
and e~e™ linear colliders in scenarios where the gravitino G is the LSP, and the long-lived
stau 7 is the NLSP. Since the NLSP can only decay gravitationally into gravitinos and
charged leptons, the decay rate is very suppressed and the NLSP could traverse several
layers of the vertex detector before decaying or even being stopped and trapped in it. The
signals of lepton flavor violation would consist of two heavily ionizing tracks owing to the
long-lived staus accompanied by two or four charged leptons. The signals consist of multi-
lepton final states with two heavily ionizing charged tracks produced by the long-lived staus.
The numerical analyses are performed at the ILC with /s = 500 GeV and an integrated
luminosity of 500 fb~! assuming the beams are unpolarized. The sensitivity reaches to lep-
ton flavor violation are presented and compared with the present and future constraints on

lepton flavor violation stemming from the non-observation of rare leptonic decays.

4. Vector-like leptons with scalar

Ref. [204] considers vector-like leptons (VLLs) F'* as a simple extension to the SM, with
an accompanying scalar particle ¢ at future electron-positron colliders. Assuming F* and ¢

mix only with the first-generation SM leptons, the authors focus on CEPC with CM energy
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240 GeV. The scalar particle ¢ is long-lived; it is pair produced and subsequently decays
into e~ e*. Employing the inner tracker for reconstructing the displaced vertex and applying
appropriate event-selection cuts to suppress background from the SM Z- and Higgs bosons’
prompt decays, the analysis finds good performance of CEPC for mgy < 70 GeV and mp < 1
TeV. Details of this study can be found in Sec. V H.

C. Studies with far detectors

It has been well accepted among the high-energy-physics community that at colliders
such as LHC, besides the traditional ND installed at the IP, FDs, can also be constructed
for operation away from the IP by up to O(100) m. When the decay lengths of LLPs are
very long (e.g. A 2 O(100) m), they can have a sizable probability to travel through the ND,
acting as missing energy. In this case, a far detector could have a better chance to observe
their decay processes if A of the LLPs falls roughly around its distance to the IP, and could
reconstruct the information of time, position, energy, momentum, mass, etc. Moreover, the
large space between the FD and the IP allows for sufficient shielding which can effectively
remove background sources. Therefore, in principle, such far detectors can enhance the

discovery potential for LLPs with very long decay lengths.
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ANUBIS FASER FASER2

P ATLAS ATLAS ATLAS
int. lumi. [fb~1] 3000 150 3000
FACET  MATHUSLA AL3X

P CMS CMS ALICE

int. lumi. [fb~1] 3000 3000 100, 250

CODEX-b MoEDAL-MAPP1 MoEDAL-MAPP?2
P LHCb LHCb LHCD
int. lumi. [fb~1] 300 30 300

TABLE VII: Summary table of the LLP FDs at the LHC, listing the associated interaction

point and the projected integrated luminosity.
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1. Far detectors at hadron colliders
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FIG. 39: Schematic pictures of the SNDQLHC, FASERv, and FASER experiments. Taken
from Ref. [253].

Two classes of FDs are currently operating or have been proposed at the LHC. The
first class is a series of detectors that are composed of dense materials such as tungsten
or liquid argon as targets and mainly purposed for detecting high-energy active neutrinos
originating from the LHC IPs through neutrino-nucleus deep inelastic scattering. Among
them, SNDQLHC [254, 255] and FASERv [256, 257] are collecting data during the LHC
Run 3. AdvSND [258, 259], FASER»2 [258, 260, 261], and FLArE-10/100 [258, 262] would
be further upgraded experiments and have been proposed to be running during the high-
luminosity LHC (HL-LHC) era at the proposed Forward Physics Facility (FPF) [258]. These
FPF experiments would be installed in the very forward direction on/off-axis, about 600

meters away from the ATLAS IP.
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FIG. 40: The preferred location for the FPF, a proposed new cavern for the HL-LHC era.
The FPF will be 65 m-long and 8.5 m-wide and will house a diverse set of experiments to

explore the many physics opportunities in the far-forward region. Taken from Ref. [258].

Another type of FDs at the LHC aim primarily at searching for displaced decays of LLPs
into charged final-state particles. These experiments include and FASER and FASER2 [248,
263, 264], MATHUSLA [208, 265, 266], ANUBIS [267], AL3X [246], FACET [268], CODEX-
b [247, 269], MoOEDAL-MAPP1 and MAPP2 [270, 271], which suggest to install auxilliary
detectors at positions O(5 — 500) m away from the IPs of the ATLAS, CMS, or LHCb
experiments. For example, FASER is a small cylindrical detector installed right behind
FASERv and is currently operating during Run 3. FASER2 would be the upgraded program
of FASER, installed at FPF with a distance of 620 m from the ATLAS IP. Alternatively, in
one of the service shafts above the ATLAS IP, another detector called ANUBIS has been
suggested to be constructed; it also has a cylindrical shape but faces vertically. MATHUSLA
has been proposed to be constructed about ~ 100 m above the CMS IP, with a mostly
empty decay volume monitored by trackers for reconstruction of LLP decays into charged
particles. In the forward direction of the CMS IP, FACET has been brought up to be placed
surrounding the beam pipe. In the vicinity of the ALICE IP, AL3X has been suggested.
Finally, for the LHCDb IP, some far-detector proposals currently exist: CODEX-b, MoEDAL-
MAPP1 and MAPP2. For a summary of these detectors including their geometries and



84

corresponding integrated luminosities, see e.g. Refs. [268, 272, 273]. We list these LLP FDs
in Table VII including their associated interaction point and the integrated luminosity. In
Fig. 39, schematic pictures of SNDQLHC, FASERv, and FASER, extracted from Ref. [253],
are also shown, and in Fig. 40 the location of the FPF is illustrated together with the setup
of the experiments proposed to be hosted there, reproduced from Ref. [258].
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2. Proposed far detectors at lepton colliders
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FIG. 41: The sketch displays the near detector and an example far detector. The dashed
line indicates that one LLP is produced at the IP, travels through the near detector and
decay insider the far detector. Taken from Ref. [84].

Besides at the LHC, FDs for detecting LLPs have also been proposed for operation at
future e~e™ colliders, with the potential of enhancing the sensitivity reach to LLPs [84, 274,
275]. In particular, Ref. [84] firstly proposes the installation of FAr Detectors at the Electron
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Positron Collider (FADEPC) and investigates their basic designs and the corresponding

discovery potentials for LLPs in several theoretical scenarios.

For planning the construction of FDs, since the tunnel of the LHC has already been
constructed, there is little free space that could be utilized. However, for future e e™
colliders the situation is more optimistic and open; as their construction plan is still under
development, there is large freedom in the geometry and location of such FDs to be deployed.
Therefore, it is both important and practical to start to design such FDs already now, so
that it would be possible to have them built during the construction of the main experiment.
Further, at the LHC with proton-proton collisions, owing to the parton distributions in the
protons, there is typically a large boost in the very forward direction for the LLPs, and
as a result, all the proposed FD experiments there should have some longitudinal distance
from the IP. However, it is a different case for symmetrical electron-positron colliders, where
the LLPs produced would tend to travel in the transverse direction. Given the difference
in the LLP kinematics between the LHC and future high-energy electron-positron colliders,
as well as the currently large freedom for locating both the experimental hall and the FDs,
we argue that auxiliary FDs at future e~e* colliders could play a unique role in searching
for LLPs. Fig. 41 from Ref. [84] is the sketch of an example FD at future e”e™ colliders.
The coordinate system is set up as follows: the origin O is the IP; the injected electron and
positron beams travel along the z axis, while the 4z direction is defined as the electron
beam outgoing direction; the vertical and horizontal axes orthogonal to the z-axis are set to
be y- and x-axes, respectively; the +y direction are chosen to be upward. The red cylinder
enclosing the IP depicts the near detector, while the green cuboid illustrates a far detector

located with a distance from the IP. The distance of the FD to the IP is labeled with D.

Refs. [84, 276] consider various locations and geometrical setups of far detectors (FD1-FDS)
at future e~ et colliders and investigate their potentials for discovering LLPs in the physics
scenarios including exotic Higgs decays, the lightest neutralinos in the R-parity-violating
supersymmetry (RPV-SUSY), heavy neutral leptons, and axion-like particles. Besides, to
compare discovery sensitivities between the FDs and NDs, Ref. [84] also derives sensitivity
reach to the LLPs at the NDs of future e~ et colliders and LHC FD experiments such as
AL3X, CODEX-b, and MATHUSLA100. For the NDs at future e"e™ colliders, the CEPC’s
baseline detector setup are chosen. For the FDs at future e~ e™ colliders, their shapes are

assumed as cuboid and the locations of the FDs are ~ 5 — 100 m away in the transverse
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direction from the IP. For example, the FD1 design in this study is about 5 — 10 m from
the IP and employs a volume of 5 x 10® m3. It can be placed inside the experiment hall
if the hall is big enough, or in a cavern or shaft near the experiment hall. The volume of
the other FD designs is large, and they are 50 — 100 m from the IP. Ref. [84] finds that for
searching for LLPs, FDs at future lepton colliders can extend and complement the sensitivity
reaches of the default ND and the present and future LHC experiments. In particular, for
the theoretical models considered, a MATHUSLA-sized far detector would give a modest

improvement compared to the case with a near detector only at future lepton colliders.

Inspired by the previous proof-of-principle study [274], recently Ref. [277] propose a
similar tracker detector, named as the LAYered CAvern Surface Tracker (LAYCAST), to
be installed on the wall and ceiling of the main cavern at future electron-positron colliders
such as CEPC and FCC-ee. The fiducial volume is taken to be the space between the near
detector and the cavern’s surface. The setup of LAYCAST is shown in Fig. 42, where the
coordinate system is the same as in Fig. 41. The shape of the experimental hall is simplified
into a cuboid. Considering that the floor of the experiment hall cannot be installed owing
to load bearing and other reasons, the LAYCAST would be mounted on the roof surface
and four vertical walls of the experimental hall. The LLPs produced at the IP, if decaying
inside the near detector, can potentially be observed therein via the decay products. If they
traverse the near detector and decay before reaching the cavern’s inner surface, they may

be detected by the LAYCAST experiment.
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FIG. 42: The left and right plots show section views of the experimental setup in the xOy
and yOz planes, respectively. In the plots, the red cylinder enclosing the coordinate origin
represents the near detector of CEPC/FCC-ee. The green area depicts the proposed new far
detector, LAYCAST, in the shape of a thin layer to be instrumented on the cavern surface.

Take from Ref. [277].

Recent LLP studies with various FDs are summarized as follows. Sensitivity results for

long-lived heavy neutral leptons are presented in Sec. X B 2.
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FIG. 43: Left: Sensitivity reaches of the CEPC/FCC-ee’s far detectors FD1, FD3, FD6

and LAYCAST in the Br(h — XX) vs.

ct plane for mx = 0.5 GeV. Right: Sensitivity

reaches 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.

Taken from Ref. [84, 277].

Refs. [84, 277] study a pair of long-lived light scalars X produced from the SM Higgs
boson decays, h — XX, at /s = 240 GeV. The total number of the SM Higgs bosons
produced at either the CEPC or FCC-ee is specified as N, = 1.14 x 10° with an integrated

luminosity £ = 5.6 ab™!. Sensitivity results in terms of 3-signal-event contour curves are

presented, corresponding to 95% C.L. limits with zero background events. Besides, sensi-

tivity results in terms of 20-signal-event contour curves for LAYCAST are also presented,

corresponding to 95% C.L. limits with about 100 background events, to estimate the effect

of non-zero background. Fig. 43, extracted from Refs. [84, 277], shows sensitivity reaches in

the branching ratio Br(h — X X)) vs. proper decay length ¢7 plane for the the light scalar

mass my = 0.5 GeV. Sensitivity reaches for my = 10 GeV are also given in Ref. [84, 277].
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4. Z—boson decays
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FIG. 44: Sensitivity reaches of different experiments assuming Br(Z — xIy?) = 1073
Left: results of the CEPC/FCC-ee’s far detectors FD1, FD3, FD6 and LAYCAST in the
A'llQ/mfg vs. mgo plane. Right: results of the CEPC/FCC-ee’s far detectors FD1, FD3,
FD6, compared with predictions for the CEPC/FCC-ee’s near detector (ND) and other
experiments. Taken from Ref. [84, 277].

Ref. [84, 277] consider Z-boson decays to a pair of long-lived neutralinos in the RPV-
SUSY, Z — %Y, at /s = 91.2 GeV. The lightest neutralino is mostly bino with tiny
components of Higgsinos. In the analyses, the total number of the Z-bosons produced at
the CEPC is specified as NS¥FC = 7.0 x 10" corresponding to a total integrated luminosity
of LSPPC = 16 ab~!, while N;°“7* = 5.0 x 10'? corresponding to L£5°¢ = 150 ab~!.
Sensitivity results in terms of 3-signal-event contour curves are presented, corresponding to
95% C.L. limits with vanishing background. Besides, sensitivity results in terms of 20-signal-
event contour curves for LAYCAST are also presented, corresponding to 95% C.L. limits
with about 100 background events, to estimate the effect of non-zero background. Fig. 44
is reproduced from Ref. [84, 277], and it show sensitivity reaches of different FD designs
assuming Br(Z — xx7) = 107° for mgo < mz/2. Sensitivity reaches of both the FDs and
NDs at the CEPC/FCC-ee with different integrated luminosities of £ = 16, 150, and 750
ab™!, are also presented and compared in Ref. [84, 277].
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FIG. 45: Left: when C,; = 0, sensitivity reaches of representative far detectors FD1, FD3,
FD6, LAYCAST and the CEPC/FCC-ee’s near detector (main detector, abbreviated as
MD) with integrated luminosity £z = 150 ab™! in the C',,/A vs. m, plane. Right: when
both C,; and C,., are free parameters, sensitivity reaches with m, = 1 GeV in the C,,/A

vs. Cz/A plane with £z = 150 ab~!. Taken from Ref. [276, 277].

Refs. [276, 277] are follow-up works of Ref. [84]. Ref. [276] considers the eight designs of
FDs with different locations, volume, and geometries proposed in Ref. [84], while Ref. [277]
considers another far detector design, the LAYCAST. They investigate the potential of
different far detector designs for discovering long-lived axion-like particles (ALPs) via the
process e~ et — ya,a — vy at future e~ e™ colliders running at the CM energy of 91.2 GeV
and integrated luminosities of 16, 150, and 750 ab™!. Sensitivities to the model parameters
in terms of the effective ALP-photon-photon coupling C.,,/A (A is the effective cutoff scale),
the effective ALP-photon-Z coupling C.,z/A, and the ALP mass m,, are presented for three
physics scenarios: C,z = 0, C,z = C.,,, and both C,; and C,, are independent parameters.
Sensitivity results in terms of 3-signal-event contour curves are presented, corresponding to
95% C.L. limits with vanishing background. Besides, sensitivity results in terms of 20-signal-
event contour curves for LAYCAST are also presented, corresponding to 95% C.L. limits
with about 100 background events, to estimate the effect of non-zero background. Fig. 45 is
from Refs. [276, 277] and two plots compare the performances of the representative far de-

tectors FD1, FD3, FD6, LAYCAST and the CEPC/FCC-ee’s near detector (main detector,
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abbreviated as MD). Sensitivity results for the case that C,; = C,, are also given in these

studies.
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FIG. 46: Contours of N, = 3 ALPs with m, = 300 MeV decaying within various ILC
detectors, as a function of the production cross section, o, and the proper lifetime, c7,.
Shown are the production channels ete™ — ay (left) and ete™ — Zv — (ay)y (right) at
Vs = 250 GeV and with £ = 250 fb~!. Predictions are made for the ILD (blue, plain) and
far detectors placed in the Shaft (green, dotted), in the Tunnel (red, dot-dashed) and on the
Ground (orange, dotted). The branching ratio of the ALP into muons is indicated by B,,.
Taken from Ref. [275].

Ref. [275] explores the discovery potential of FDs for long-lived ALPs at future e"e™
colliders, such as the ILC. Three possible setups of FDs are proposed, and could be installed
in planned underground cavities around the ILC detector hall or on the ground. The authors
consider cuboid for the shape of the FDs. The first type “Shaft (S)” is located in the vertical
shaft above the collision point, which will be used to lower the main ILD and SiD detectors
into the detector hall. Its position is centered around the coordinate (z,y,z) = (0,45,0)
m, and the geometry is 18 m x 30 m x 18 m. The second type “Tunnel (T)” is located
inside the access tunnel that surrounds the detector hall. Its position is centered around
the coordinate (0, -5, -35) m, and the geometry is 140 m x 10 m x 18 m. The third type
“Ground (G)” is a large detector placed on the ground above the detector hall. Its position
is centered around the coordinate (0, 75, 0) m, and the geometry is 1000 m x 10 m x 1000
m.

This study considers sub-GeV long-lived ALPs produced via e"e™ — ~va or e" et —
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v Z — 7 (ya) process and decaying into pairs of charged leptons at the ILC with /s = 250
GeV. The background is assumed to be negligible, and sensitivity reaches are shown in terms
of three-signal-event contour curves. We extract Fig. 46 from Ref. [275], which shows the
sensitivity reach of the ILD near detector and the three FD designs to the production cross
sections of ALPs with mass m, = 300 MeV. In this study, the results are also compared

with searches for long-lived ALPs produced from meson decays at Belle II.

D. Studies with beam dumps

ldump lsh ldec
Muon shield Decay volume Detector

Beam dump
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FIG. 47: The setup of the beam-dump experiment at the ILC consists of four parts: the
main beam dump, a muon shield, a decay volume, and a detector. The figure depicts LLP
signals including ALP (a) emissions via the photon interaction and light scalar particle (.5)

emissions via the electron and muon interactions. Taken from Ref. [278].

Future e~e* colliders employ high-energy electron and positron beams. The beam dump
can result in copious production of LLPs. There exist multiple studies considering a beam-
dump experiment to search for LLPs at, e.g. the ILC. It is easily conceivable that similar
experimental setups can also be instrumented at other e”e® colliders such as the CEPC,
FCC-ee, and CLIC, despite the different beam energies.

In particular, Ref. [278] shows Fig. 47 illustrating a sample setup of a beam-dump ex-
periment at the ILC, which consists of four parts: the main beam dump, a muon shield, a
decay volume, and a detector. Water is planned as the absorber in the main beam dump of

the ILC [279]. The length of water cylinder along the beam axis is lqump = 11 m. Inside the
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main beam dump, electromagnetic shower produces electrons, positrons, and photons. The
muon shield length and the decay volume length are Iy, = 70 m and l4.. = 50 m, respectively.
The muon shield could consist of the lead shield and the active shield. The shape of the
detector is assumed as a cylinder, and its axis should be aligned with the beam axis. The

radius of the detector rq. is set to be 2 to 3 meters.

Recent LLP studies with beam dump experiments are summarized as follows. Sensitivity

results for long-lived heavy neutral leptons are presented in Sec. X B 3.
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1. ALPs and new scalar particles
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FIG. 48: Both plots are extracted from Ref. [278] and show discovery sensitivities of the
beam-dump experiment at the ILC to the ALPs and new scalar particles. Left: sensitivities
in the ALP-photon-photon coupling g,,, vs. ALP mass m, plane, where red and black
curves correspond to the bounds of sensitivity for ILC-250 GeV at 95% C.L. with 1- and
20-year statistics; the shaded regions are constraints for E137 from Ref. [280], SN 1987A
from Ref. [280, 281], HB stars from Ref. [282], and SHiP from Ref. [280, 283, 284]. Right:
sensitivities in the g, vs. mg plane for Model B (S couples to muons only, i.e. g, # 0, g. =
g- = 0), where the signal process contains a muon in the initial state (i.e. u+ N — u+ N +
S); the gray shaded regions are constraints from NA64u and muon g — 2 from Ref. [285];
note that, although the results for mg > 2m,, are absent for NA64y, it would also have a

sensitivity in that region generally.

The authors of Ref. [278] investigate the sensitivities of a beam-dump experiment at the
ILC to a long-lived ALP and a light scalar particle coupled to charged leptons. In their
analysis, the lengths of the beam dump region l4ymp, the muon shield [y,, and the decay
volume [lge. are set to be 11 m, 70 m and 50 m, respectively. The radius of the detector
Tdet 18 set to 2 m and the detection efficiency is assumed to be 100%. The authors consider

the case of ILC-250 GeV with the beam energy Fpeam = 125 GeV. The number of incident
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electrons into the beam dump is assumed to be Ngor = 4 x 10?! per year.

The signal production process is illustrated in Fig. 47. The ALPs are emitted by the
photons in the beam dump, pass through the muon shield, and decay in the decay volume
into photon pairs, which reach the detector at the end recording a signal event. New scalar
particles are emitted via electron interactions with the oxygen nuclei in the beam dump and
via muon interaction with the lead nuclei in the muon shield. The generated scalar particle
decays into photons, electron-positron, and muon pair in the decay volume, which reach the
detector and are observed as signal events. Background events are assumed to be removed
with veto counters located behind the shield and in front of and around the detector. Fig 48
is extracted from Ref. [278]. The left plot shows discovery sensitivities of the beam-dump
experiment at the ILC to the ALPs coupling to photons, where the red and black curves
correspond to ILC-250 GeV at 95% C.L. with 1- and 20- year statistics, respectively. The

right panel is for the sensitivity reach muon-coupled light scalar particle.

2. New neutral gauge bosons
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FIG. 49: Left: contours of expected number of signal events for the U(1)._, model; the
beam energy is taken to be Fpeam = 125 (green), 250 (red), and 500 GeV (blue); the dotted,
solid, and dashed lines are for Ny, = 1072, 1, and 10%, respectively, taking N, = 4 x 10%;
the mixing parameter is taken to be k. = 1; the pink and yellow shaded regions are excluded

by beam-dump and neutrino-electron scattering experiments, respectively. Right: same as

the left plot, but for the U(1)._, model. Taken from Ref. [286].
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Ref. [286] studies the prospects of searching for light and long-lived leptophilic gauge
bosons (LGBs) in the beam-dump experiment using e™ beams at the ILC. The experimental
setup is similar to that shown in Fig. 47. The authors consider LGBs coupled to leptons
e, ;u, T with charges Q., @, @, respectively. Three cases of (Q., Q,, @-) = (1, -1, 0), (1, 0,
-1), or (0, 1, -1) are taken into account, corresponding to U(1)._,, U(1)c—,, and U(1),_,
models, respectively. With one-year operation, about 4 x 10%! electrons and positrons are
injected into the dump. With the injection of the electron (or position) beam into the dump,
the LGB (denoted as X) can be produced by the scattering process e*N — e N'X (with
N and N’ being nuclei). SM background is assumed to be negligible.

We extract Fig. 49 from Ref. [286] which shows the expected number of signal events Ny,
for the cases of U(1)._, and U(1)._, models in the g vs. mx plane, where g and my denote
the X coupling to the charged leptons and the mass of X, respectively. The dotted, solid,
and dashed lines correspond to Ny, = 1072, 1 and 107, respectively, for the beam energy
taken to be Eyeam = 125 (green), 250 (red), and 500 GeV (blue). Results for the U(1),_,

case are also given in Ref. [286].
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FIG. 50: Limits in the m,, — gy plane for z;; > 0 and x4 = 1 considering 10 MeV < m,, <5
GeV, showing the regions that could be probed by FASER, FASER2, ILC-Beam dump, and
DUNE. The parameter space is compared with existing bounds from different beam-dump
experiments and a cosmological observation of supernova SN1987A (SFH020.0), respectively.

Taken from Ref. [287].

Ref. [287] obtains bounds and sensitivities on the chiral Z’ gauge boson in the electron-
positron beam-dump experiment at the ILC, in the proton beam-dump experiment of DUNE,
and the experiments of FASER(2). It assumes 10-year running for the calculations of the
future beam-dump experiments, and 150 fb=! (3 ab™!) for LHC Run 3 (high-luminosity
LHC). The Z' particle, being lighter than 5 GeV, is considered to be produced in rare
meson decay and bremsstrahlung processes for all kinds of beam-dump experiments and
additionally pair annihilation process for electron and positron beam-dump experiments.
Sensitivities in the parameter space projected for FASER, FASER2, DUNE, and ILC beam

dumps are obtained and compared with the existing bounds from Orsay, Nomad, PS191,
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KEK, LSND, CHARM, and SN1987A. Fig. 50 is taken from Ref. [287], showing the limits
in the m, — gy plane for the case with xy = 2 and z¢ = 1, where zy and z¢ are U(1)x
charge parameters and gy is the U(1)y coupling. Further results with different xy values

of 1 and 0.5 are also provided in Ref. [287].

E. Summary and Discussion

The LHC has entered the Run 3 phase, and is slated to continue operation until around
2035. Since decades ago intensive discussion has been going on concerning high-energy lep-
ton colliders to be running during the post-LHC era. Electron-positron colliders operated at
selected CM energies can produce large numbers of Z-, Higgs, WW-bosons, and heavier parti-
cles in a relatively clean environment (with little QCD background), allowing for precision
measurements on the properties of these particles including their interactions with other par-
ticles. This is especially important for the SM Higgs boson after its discovery at the LHC in
2012, which is naturally a good candidate for connecting new physics with the SM. Beyond
precision measurements, these future experiments can also probe BSM physics in terms of
light new physics, by searching for light, exotic states. In particular, light new physics is
predicted in many BSM theories to manifest itself as LLPs leading to striking collider sig-
natures different from the conventional ones. Such LLPs have a relatively long lifetime for
various reasons including feeble couplings to other particles and suppressed phase space, and
have been proposed for solving multiple issues present in the SM such as the non-vanishing
neutrino masses and the dark matter.

Compared to hadron colliders such as the LHC, e~e™ colliders have unique characteristics;
higher luminosity is expected, the collider environment is cleaner, the trigger requirement
is typically looser, the absence of parton distribution in the electrons fixes the parton-level
collision energy, etc. These features are appealing for collider searches for BSM physics
especially LLPs. Indeed, various phenomenological analyses have been performed for LLP
searches at future e~ e colliders, and thus, as these experiments are currently in the stage
of designing and planning, we find it timely to summarize the current status of these phe-
nomenological studies and provide an outlook.

We start with a detailed explanation of the typical computation procedure for the number

of LLP signal events inside the fiducial volume of a detector. This approach has been widely
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applied in the literature. We then have reviewed the existing LLP phenomenological studies
at future e"e™ colliders according to the associated detector type separately. Mainly three
types of experimental setups have been under discussion for LLP searches at future electron-
positron colliders, namely near detector, far detector, and beam-dump experiment. The near
detector refers to the default local detector enclosing the IP, the far detector is an external,
auxiliary detector with a macroscopic distance from the IP, and the beam-dump experiment
puts a detector tens of meters behind the beam dump. For the ND experiments, we have
reviewed existing works considering mainly LLPs from rare Higgs and Z-bosons’ decays,
including new light scalar particles, dark photons, lightest neutralino in the RPV-SUSY, and
ALPs. HNLs have also been studied, produced either via direct collision or rare Z-boson
decays. Further studies include a long-lived stau in the SUSY, and a vector-like lepton with
a long-lived accompanying scalar. Then, FDs with various geometrical configurations have
been investigated for their sensitivity reach to a new scalar particle mixed with the SM Higgs
boson, HNLs or light neutralinos in the RPV-SUSY from Z-boson decays, as well as ALPs
coupled to the SM photon or the Z-boson. In general, we expect a modest improvement
on the sensitivity reaches compared to the case with the default ND only. Finally, a beam-
dump experiment has been proposed mainly for electron-positron colliders with a CM energy
between 250 GeV and 3 TeV. Various theoretical scenarios including the HNLs, ALPs,
new scalar particles, and new neutral gauge bosons have been extensively studied, showing

excellent sensitivity reach compared to other existing or proposed experiments.

The ND usually has the best acceptance rates for the LLP signal events; however, its
sensitivity reach often still suffers from certain background sources to various extent despite
the relatively clean environment. The proposed FDs, have a lower acceptance rate, because
they usually cannot have an almost 47 solid-angle coverage; however, with a large distance
between the FD and the IP, shielding such as lead and concrete can be instrumented in the
space in between, effectively removing the background events. For the FDs, in general we
observe sensitivity reach to certain parts of the models’ parameter space mildly beyond the
region that could be probed by the ND. The beam-dump experiments, set up at e.g. the
ILC, have been shown to be able to probe large parts of the parameter space where the

other existing and proposed experiments are insensitive.

Before ending this section, we briefly discuss the requirements for program tools, civil

engineering and detector technology to promote the LLP studies at high-energy electron-
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positron colliders.

Requirements for the program tools: performing such phenomenological studies often re-

quires MC simulation. Currently the tools publicly available and specifically for computing
LLP signal-event rates, such as FORESEE [288], DDC [289], and SensCalc [290], do not in-
clude detector-level effects such as smearing and detector efficiencies. In order to perform
realistic estimates for LLP sensitivity reach with fast-simulation tools, these effects should
be included within a sophisticated framework.

Requirements for the civil engineering: the FD and beam dump experiments require large

spaces for installing the experimental facilities. Depending on the available space, the FD
can be placed in a cavern inside or in the vicinity of the experimental hall, in the transverse
direction with respect to the IP. It is important that designing and planning of such exper-
iments should already proceed before the construction of the main experiment starts. The
same conclusion applies for beam-dump experiment proposals, too.

Requirements for the detector technology: The detector technologies need also further

development. For reconstructing a displaced vertex, the trackers should be equipped with
better tracking resolution, and the relevant analysis algorithms should be further developed
as well. In order for the FDs to have good sensitivities, a large solid-angle coverage is
required; given the macroscopic distance to the IP, the FD should have a large volume. If
displaced signatures arise pointing to new physics, it would be important to determine the
properties of the observed LLP such as its mass and to identify the LLP decay products.
For these purposes, installing magnetic fields and implementing PID (Particle IDentification)
strategies and methods such as ionization measurement and Cherenkov imaging would be
helpful. Moreover, if timing detectors with a timing resolution in the picosecond regime
can be installed, multiple purposes can be fulfilled, such as providing timing information
for the LLPs, realizing event correlation between the ND and FD, and removing potential
background events from the cosmic rays. See, for example, Refs. [261, 269, 273] for similar
discussion on precision timing at the LHC FDs. We further emphasize the importance
of shielding that should be instrumented for FDs and the beam-dump experiments; it can
consist of concrete, lead, metal, or magnetic field, and sufficiently remove background events.
Finally, the associated cost should be contained to an acceptable level.

In this section, we clearly observe the mutual complementarity between the various ex-

perimental setups at future high-energy e~e™ colliders, for LLP searches. In the future,
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beyond the usual cut-based studies, machine-learning techniques can also be applied to fur-
ther improve the discovery potential of these experiments; see, e.g. Ref. [78] for a relevant
discussion. Moreover, additional collider experiments with other beam-type setups, can be
considered for LLP searches as well, including ptpu~ [291-295], electron-muon [296, 297],
electron-proton [231, 232, 298-300], and muon-proton [301-303] collisions. We expect them

to be sensitive to parameter space inaccessible by hadron or e~ e™ colliders.

VII. SUPERSYMMETRY (TIANJUN, LEI, XUAI, DA)

Supersymmetry (SUSY) provides an intriguing candidate to solve the gauge hierarchy
problem in the Standard Model (SM). The Supersymmetric SMs (SSMs) have many ap-
pealing features, including gauge coupling unification, and dynamical electroweak symme-
try 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 [304-307]. The CEPC
will run at much lower energies. At the same time, it can be complementary in covering
parameter spaces that are difficult for the LHC to reach. This is particularly important
for the search for some of the uncolored new physics particles [308-323]. In addition, the
precision measurements at the CEPC can probe SUSY even without direct production of
the new particles [324-329].

In this section, we will present recent studies of the reaches of the CEPC on several
scenarios with light electroweakino and sleptons. These scenarios can have various physics
motivations (for some examples, see Refs. [308, 330-333]). For both electroweakino and
slepton searches, the discovery potential can reach up to the kinematic limit of the detector
V/s/2, and cover interesting parameter regions. It is shown that CEPC can have its role to
play in the searches 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 collid-
ers, 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. Recently prospective studies on electroweakino in the Physics Briefing Book

submitted as input for the European Strategy for Particle Physics Update 2020 [334] are
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also presented. A list of long-lived SUSY searches are discussed in Sec. VI.

A. Light electroweakino searches

-

'Y ATLAS Preliminary

. V/s=13TeV, 136 - 139 fb~"
. PP — 9Nt Xox{, XiX7, X7 X7 (Higgsino)
~ All limits at 95% CL

. — Observed limits
= = Expected limits

-

---- Prospected Limit at CEPC

3¢ + Soft 2¢, arXiv:2106.01676, 1911.12606, m({3) = m(%) + 2Am(x%, 9)
Disappearing track, ATLAS-CONF-2021-015, m(x3) = m(x?)

LEP2 X7 excluded

Theoretical prediction for pure Higgsino, arXiv:1212.5989 e

\

T ————— - ————— - — -]
N
\

-----------------------------------------

0.2 —L—

FIG. 51: The observed and expected exclusion limits on simplified SUSY models for
chargino-pair production with Higgsino-like LSP obtained by the ATLAS. The observed
limits obtained by the LEP are shown in light grey. The prospected limits at the CEPC

are also shown in the dotted purple line for rough comparison.

The light Higgsino particles, well-motivated by naturalness conditions, tend to have small
mass splitting among the chargino and neutralino [308]. 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 [335]. With a
cleaner collision environment and better low-energy particle reconstruction, the CEPC has

shown the capability of probing the very compressed region, as shown in Fig. 51.
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FIG. 52: Left: acceptance of signal and background processes as functions of m . Here the
acceptance of the background process has been multiplied by 10,000. Right: 20 exclusion
and 5o observation limits on the mg; — mp plane at a future lepton collider running with

an integral luminosity 5.6 ab™! and center-of-mass energy 240 GeV. Regions below the red

(blue) curves are observable (excluded).

Light bino (B, O(10) GeV scale) scenario is motivated by Gauge-Mediated SUSY Break-
ing [336]. Such search has been performed [337] at the CEPC, where bino is the next-to-
lightest supersymmetric particle (NLSP), while the lightest supersymmetric particle (LSP)
and dark matter candidate is the sub-GeV gravitino (é) The process of bino pair produc-
tion via a t-channel selectron (€), where bino subsequently decays to gravitino and a photon,
has been considered, namely ete™ — BB — yyGG. The corresponding dominant back-
ground process is ete” — yyv (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
separation power. The study shows that the CEPC can exclude selectron lighter than 4.5
TeV (2 TeV) with bino mass around 10 GeV (100 GeV), as shown in Fig. 52. This is much

larger than the current LHC bound which excludes selectron mass only up to several hundred

GeV.
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B. Light slepton searches

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
for them at the LHC, especially in the region where their masses are close to that of the LSP.
In addition, such regions are favored by dark matter relic density requirements, and have
been explored with the CEPC detector [338]. 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, as shown in Fig. 53 (left). The above results can fill a significant

region in the gap in the LHC search.

The center-of-mass energy of the CEPC could be upgraded to 360 GeV after its ten-
year running at 240 GeV as a Higgs factory which can provide more opportunities for new
physics searches besides the SM precision measurements. A dedicated sensitivity study is
performed on the direct stau and smuon pair production at the CEPC with /s = 360 GeV.
With 1.0 ab™! integrated luminosity and the assumption of flat 5% systematic uncertainty,
the CEPC at 360 GeV has the potential to discover the production of combined left-handed
and right-handed stau up to 168.5 GeV if exists; the discovery potential of direct smuon
reaches up to 175 GeV with the same assumption, as shown in Fig. 53 (right). This result
also gives a strong motivation to raise the center-of-mass energy of CEPC from 240 GeV to

360 GeV.

Somewhat heavier selectrons, above the kinematic limit for direct production, can also
be searched for in the process [339]: efer — x?(bino) + X! (bino) ++. The reach depends on
the model assumptions. For example, if the relic abundance requirement is satisfied by the
LSP annihilating through the Z-pole, the right-handed selectron can be excluded up to 180
(210) GeV respectively at 3(2)o. On the other hand, if the annihilation through the Higgs
pole dominates, right-handed selectron will be excluded up to 140 (180) GeV at 3(2)o.

Another in-depth exploration is performed in the off-shell sparticle pair production at the
CEPC [340]. Assuming a flat 5% systematic uncertainty, the detection (discovery) sensitivity
can reach up to 126 GeV (122 GeV) for the smuon mass, shown in Fig. 54. It demonstrates
that the combination of the lepton collider advantages and its high-precision detectors can
break through the limits of the on-shell kinematic limit of /s / 2 and enter the off-shell region

in detecting new physical processes.
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FIG. 53: The 50 discovery contour (solid line) and 20 exclusion contour (dashed line) for
the direct stau production and direct smuon production with 5% flat systematic

uncertainty. Left (Right) plot presents the center-of-mass energy of 240 (360) GeV.

A recent paper [341] considers F-SU(5), i.e., the flipped SU(5) x U(1) x GUT model [342]
with extra TeV-scale vector-like particles [343] that have been constructed systematically in
local F-theory model building [344, 345]. Alternatively, these models can also be realized
in free fermionic string constructions [346]. Super-Natural SUSY via No-Scale SUGRA is
a natural resolution to the SUSY EWFT problem, but cannot realize the specific scenario
with a light Bino LSP due to a correlation of the Bino mass with the Wino and gluino
masses. Therefore, the Generalized No-Scale SUGRA is proposed, where Effective Super-
Natural SUSY can be realized. To uncover the bulk region for dark matter, only light
right-handed sleptons can be considered given that the LHC SUSY searches indicate that
all other sfermions must be heavy. First, a determination must be carried out as to whether
an interaction between sfermions and the LSP is coannihilation or annihilation. Rendering
a judgment involves inspecting the mass difference between the light right-handed sfermions
and LSP, though the ratio of the mass difference Ry = (my — myo)/myo is more important
than the absolute mass difference, where ¢ is 7; (light stau) or ég (light selectron). Com-
prehensive numerical studies in this work show that R, 2 10% is a conservative criterion to
formulate the bulk region, i.e., the observed dark matter density is obtained via traditional

annihilations, not from coannihilations or resonances, etc. The bulk region in Generalized
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FIG. 54: The prospected exclusion contour and discovery contour at CEPC for the direct

smuon production with 5% flat systematic uncertainty.

No-Scale F-SU(5) is illustrated in the left plot of FIG. 55, where R plots as a function
of the Bino-like neutralino mg. The mass hierarchy in F-SU(5) is mgo<mz <mzy, = My,
hence, R, always exceeds Rz . All points in this plot satisfy all the current experimental

2> 10% implies

~Y

constraints. If the Bino contributes all the DM abundance, the ratio R
mygo < 103.0 GeV. We present the light right-handed slepton masses in this bulk region in the
right plot of FIG. 55. It shows the upper limits on the 7; and €z masses are around 115 GeV
and 150 GeV, respectively. Recognize that these right-handed sleptons and Bino LSP are
naturally light, thus, the LSP has not been fine-tuned to fortuitously conform to the Planck
satellite 5o relic density observations. These light sleptons could conceivably be observed at

the Future Circular Collider (FCC-ee) [3, 231] at CERN and the Circular Electron-Positron
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FIG. 55: Left: Bulk region in Generalized No-Scale F-SU(5). Right: Light right-handed
slepton masses in this bulk region. Cyan, magenta, and gray points correspond to

under-saturated, saturated, and over-saturated DM relic density.

Collider (CEPC) [10] with its sensitivity specified in Ref. [347]. In addition, FIG. 56 shows
the compelling expected sensitivity of the 1000-day LUX-ZEPLIN experiment [348], the
constraints from the XENONnT [349] and LUX-ZEPLIN [348, 350] experiments, and broad
coverage of the No-Scale F-SU(5) bulk region. Thus, the light Bino LSP of such bulk
region could be fully probed within the next few years. Likewise, the proton lifetime via
dimension-six proton decay is near 3 — 4 x 103* years, so this “fast” dimension-six proton
decay is within reach of the future Hyper-Kamiokande experiment [351]. Furthermore, it
is investigated outside the tight F-SU(5) constraints by evaluating the phenomenological
Minimal Supersymmetric Standard Model (pMSSM).

C. Input from the European Strategy

In the recently published Physics Briefing Book submitted as input for the European
Strategy for Particle Physics Update 2020 [334], the summarized figures are provided for
the exclusion reaches for the wino-like and Higgsino-like chargino and neutralino particles
as shown in Fig. 57 and 58.

In the compressed scenario, lepton colliders analyses are competitive to hadron colliders:
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FIG. 56: The spin-independent DM-nuclei cross sections vs the LSP mass in the
Generalized No-Scale F-SU(5) bulk region. We present the constraints from the
XENONNT [349] and LUX-ZEPLIN [348, 350] experiments. We underscore the significance
of the 1000-day LUX-ZEPLIN run that should fully probe the F-SU(5) bulk and about
50% of the pMSSM bulk (not shown here). The color code is the same as in FIG. 55.

sensitivity up to electroweakino masses equal to /s / 2 are possible even for Am(Y5, YY) as

low as 1 GeV, with no loss in acceptance (The ILC [352] and CLIC [353].).

For the Higgsino case, the sensitivity of lepton colliders depends only weakly on the
nature of the LSP: the ILC500 and ILC1000 [352] can cover the full mass range up to /s /2
for Am as low as 0.5 GeV, while the CLIC1500 and CLIC3000 allow a reach up to 650 GeV
and 1.3 TeV, respectively [354].

Moreover, lepton colliders could again provide complementary sensitivity to 7 especially
in compressed scenarios: the ILC500 [352] would allow discovery of 7 up to 230 GeV even
with small datasets, whilst the CLIC3000 would allow reach up to m7 = 1.25 TeV and
Am(7, ¥¥) = 50 GeV [354].
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FIG. 57: The exclusion reaches for the Wino-like lightest chargino and next-to-lightest

neutralino from the hadron and lepton colliders.

VIII. FLAVOR PORTAL NEW PHYSICS (LINGFENG, XINQIANG)

The CEPC, when running at the Z pole, allows us to probe the flavour structures of
Z couplings to matter fields with extreme precision. This also allows us to get very large
samples of all b hadrons, ¢ hadrons, 7 leptons, with large boost in a very clean environment.
These features make the CEPC also a flavour factory, which has a unique sensitivity to a large
number of flavour processes that are generally not accessible at the current LHCb and Belle 11
experiments [222]. It is also stated in many dedicated studies that the CEPC’s higher energy

(operating at Z pole or higher), clean lepton collision environment and advanced detector
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also superimposed.

system provide many powerful, sometimes unique, flavor physics probes (see also [30, 355—
367] for examples at CEPC or parallel proposals).

CEPC holds significant potential in the realm of flavor physics that enables the impo-
sition of various indirect constraints on BSM. A crucial aspect to consider is the role of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which, in the SM, is defined and primar-
ily measured via charged current couplings at the electroweak scale or lower. This matrix

is particularly sensitive to general couplings in new physics, especially since many high-
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precision or highly sensitive flavor processes are not charged current in nature. Governed by
electroweak gauge coupling and unitarity, the CKM matrix imposes stringent restrictions
on BSM couplings to quarks. Therefore, unless BSM physics introduces couplings to SM
quarks that adhere to the specific patterns of the CKM matrix, rather than arbitrary flavor
structures, the scale of new physics will be significantly elevated, extending well beyond the
TeV range.

The sensitivity of the flavor sector to new physics is underscored by several factors.
Firstly, the suppression of FCNC by the Glashow—Iliopoulos-Maiani (GIM) mechanism [368]
in the SM is a key aspect. The FCNC prevalent in the SM, notably influencing analyses such
as flavored meson mixing. Secondly, cLF'V represents a special case of FCNC, exhibiting
even greater suppression due to the light neutrino masses, making any observable cLFV a
distinct sign of BSM physics. Thirdly, the flavor sector in the SM is characterized by several
(approximate) symmetries. This includes an approximate, accidental symmetry among the
three generations, leading to lepton flavor universality (LFU) which is only slightly violated
by lepton Yukawa couplings. Other examples are the conservation of lepton and baryon
numbers in collider environments. Violations of these symmetries are therefore indicative
of BSM physics. Lastly, the decays of heavy flavored states in the SM are markedly sup-
pressed, both by the small off-diagonal elements of the CKM matrix and the hierarchy
between fermion masses and the electroweak scale. This results in narrow decay widths
(< 107! GeV) for many flavored particles, rendering them long-lived. Consequently, the
small SM widths significantly amplify the impact of any new physics amplitudes. To better
demonstrate the reach of new physics from the flavor sector, one can write the reach of the

BSM scale Axp from dim-6 operators via charged current b — ¢ transitions as:
_1
Axp ~ (GE|Vip|Oexp) 2 ~ (1.5 TeV) X 6o . (12)

where ey, is the relative precision reached in the experiment. Similarily, from FCNC b — s

transitions one may obtain

1
a m 2

2 1
Anp ~ <47T m%fv GFW%th:wexp) ~ (30 TeV) X dexp - (13)

In both cases the interpretation are model-dependent, which are common in indirect searches.
The aforementioned arguments are pertinent to both direct and indirect search method-

ologies. Indirect probes, particularly abundant in the flavor sector, effectively transform all
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flavor physics studies into potential avenues for BSM investigation. This is due to the fact
that certain processes are more germane to new physics searches for a variety of reasons.
Conversely, light BSM degrees of freedom may be produced through their interactions with
flavored fermions within the SM. This possibility is imminent since these states’” SM gauge
interactions must be sufficiently suppressed to align with existing data. The following high-
lights are some of the most prominent examples of BSM searches at CEPC interfacing with
flavor physics, with key numbers summarized in Table. VIII. For a more thorough review

on the potential and phenomenology of flavor physics at CEPC, see [369].

A. cLFV processes

Reflecting on cLFV searches at CEPC, the facility’s significant integrated luminosity in
the Z-factory mode notably enhances its capacity to explore cLFV directly from Z and 7
decays. These two modes benefit immensely from the CEPC’s design and energy range,
making it an ideal platform for such investigations.

cLFV in Z decays is a primary focus, particularly in modes such as Z — pe, Z — Tp,
and Z — te. Each of these decay processes provides a unique window into potential BSM
physics. When searching Z — pe decays, the bottleneck of detection comes from the
small but non-negligible lepton misidentification rate. Conversely, in modes involving 7,
the extra neutrino from 7 decays, puts the detector’s momentum/energy resolution in a
more significant position. In general, the expected limits at CEPC will exceed the current
best by more than two orders of magnitude. Note that testing cLF'V new physics at higher
scales is also possible at CEPC. One of the most prominent examples would be the cLFV
Higgs decays. The phenomenology of these modes, while analogous, is slightly more intricate
due to the additional production of Z in the ee™ — HZ process. Although the absolute
sensitivity in these Higgs decay modes might be limited by smaller statistics, their higher
energy scales, and couplings could provide valuable complementary for new physics.

In terms of 7 decays, the CEPC flavor physics project is proposed to investigate a wide
array of cLF'V processes. The decay modes like 7 — 3u, 7 — pvy, and 7 — ey are of
significant interest as direct resonance peaks can be reconstructed in their final states. Due
to the clarity of their phenomenology, they were chosen as benchmark channels. Besides, the

7 lepton’s heavy mass compared to other leptons renders its collider behavior more akin to



Measurement Current Limit CEPC [369]
BR(Z — Tp) < 6.5 x 1076 0(107)
BR(Z — Te) <5.0x1076 0(107%)
BR(Z — pe) <75x1077 1078 — 10710
BR(T — ppup) <2.1x1078 0(10719)
BR(7 — eee) <2.7x1078 0(10710)
BR(T — epp) <2.7x1078 0(10710)
BR(7 — pee) <1.8x1078 0(10710)
BR(T — 1) <4.4x1078 0(10710)
BR(T — ey) <33x1078 0(10719)
BR(B;s — ¢vi) <54x107% < 1% (relative)
BR(B® — K*0rtr™) < 01079
BR(B, — ¢777) S 01079
BR(B* — K*rt77) <2.25x 1073 < 01079
BR(B; — 7777) <6.8x1073 < 0O(107%)

BR(B° — 21°)

Cop(B — 21°)

+16% (relative) =£0.25% (relative)

+0.22 (relative)

+0.01 (relative)

BR(B. — Tv) < 30% + 0.5% (relative)

BR(B, — J/rv)/BR(B. — J/uv) £ 017 £ 018  £2.5% (relative)

BR(Bs — D 7v)/BR(Bs — D' ) +£0.2% (relative)

BR(Ap = Actv)/BR(Be — Acpv) £ 0.076 +0.05% (relative)
BR(7 = tXiny.) 7% 10~ (3-5)x10~6

BR(B — pXprp(— p))

O(10719) (optimal)
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TABLE VIII: Preliminary sensitivities of BSM flavor physics probes at CEPC, adapted

from ref. [369]. The notation Xj,, stands for an invisible narrow resonance and Xy pp

represents a long-lived BSM particle. The limit for the LLP particle is obtained when its

lifetime is optimal, as shown in the right panel of Fig. 59. For some channels with

extremely high precision expected, the actual sensitivities will be mostly determined by

systematic effects, which cannot be precisely evaluated at the current stage. Consequently,

only the rough sensitivity levels are reported. See [369] for more details.

flavored hadrons, fitting well with the energy range and detector design of the CEPC. This

aspect of 7 decays offers an array of valuable channels for cLFV studies, further underscoring

the CEPC’s discovery potential.
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B. Decays of b and ¢ hadrons

Rare b and ¢ hadron decays induced by FCNC processes are inherently one-loop sup-
pressed in the SM, rendering them highly sensitive to potential contributions from new
physics. These FCNC processes are intrinsically fascinating in the context of flavor physics.
Within the SM, they provide insights into hadronic properties and offer a means to constrain
critical parameters like the CKM matrix elements. Meanwhile, some of the charged-current-
induced decays of these hadrons, especially for the (semi)leptonic decays involving the 7
lepton. In the past years, evidences from a several experiments suggest that LFU is violated
in the tau sector. The magnitude of such violation, if fully confirmed, is a clear indicator of
BSM physics. Investigating such possibilities with highest precision are then a great oppor-
tunity to investigate the nature of leptons. At CEPC, a systematic proposal for studying

these processes is in place, with several results already available.

As a powerful facility for flavor physics, CEPC also presents unique opportunities for
studying these rare decays, which may be challenging to probe at other facilities. Such modes
often involve final state particles that demand exceptional energy /momentum resolution for
precise reconstruction. Additionally, the inherently rare nature of these decays necessitates
a very low background level for effective study, conditions that are readily met by the
capabilities of CEPC. Importantly, many FCNC processes in the SM exhibit non-trivial CP-
violating properties, playing a pivotal role in flavor physics. Measuring these CP properties
not only furthers our understanding of flavor physics but also serves as a powerful tool for
identifying new sources of CP-violation beyond the SM CKM matrix. Prominent examples
of such processes include b — s77 transitions, which involve multiple neutrinos in the final
state, and By — 7'm° — 47 decays. The study of these processes at CEPC could provide
crucial insights into the intricacies of flavor physics and CP-violation, shedding light on

phenomena that lie beyond the current understanding of the SM.

In parallel with the phenomenology studies for FCNC transitions, the charged-current-
induced transitions of b-hadrons at CEPC, especially b — ¢f(7)v processes, are being studied.
Some of the most prominent examples include the B. — 7v and B, — (v decays, which
are challenging to measure precisely at other facilities. This is due to the rareness of B,
meson and the elusive nature of ¢(7) + v final states. To better constrain the form of

new physics, other relevant modes with distinct hadron dynamics such as B, — Dg*)Z(T)V,
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B. — J/Yl(T)v, and Ay — AL(T)v are also studied. The characteristic relative sensitivity
to these decays achieved at CEPC is of O(1072) or less, which can also be interpreted to
EFT operators with a scale of multi-TeV according to 12.

C. Light BSM degrees of freedom from flavor transitions

107

Bkg.
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m,=0.1 GeV 31 1074
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FIG. 59: Left: Reconstruction of invisible particle mass squared from 7 decays to 1 and an
invisible BSM particle, which is also noted as ¢* = (p. — p,)?. Right: the projected
sensitivity on FCNC B — K X p(— ptp™) as a function of Xppp lifetime. Two mass
benchmarks are shown as blue and red curves, respectively. Both plots are taken

from [369].

In the ongoing research at CEPC, two benchmark cases are currently in the preliminary
stage, focusing on detecting BSM states emerging from either cLFV or quark FCNC pro-
cesses. These benchmarks are distinguished by the nature of the BSM state involved: one
involves an invisible BSM state, while the other involves a LLP in the final state.

For the scenario involving invisible new particles, the reconstruction process presents a
significant challenge, particularly in the preliminary studies that utilize fast detector simu-
lation instead of a full simulation. The crux of reconstructing such final states lies in relying
on the global energy-momentum conservation within the detector system. Supplementary

information, such as track impact parameters, is also crucial as it provides additional con-



117

straints for the reconstruction process. Given the potential complexity of the reconstruction
algorithms required, current studies at CEPC are focusing on inclusive Z — 77 + Xj,,. pro-
cesses, where Xj,,. is the invisible new particle. In these processes, the extra particle X is
either generated via cLF'V decays of the form 7 — ¢X or emerges from final state radiations.
This particle could be an ALP or a dark photon, characterized by suppressed or invisible
decays.

While other neutrinoless processes are also relevant, they necessitate different recon-
struction procedures. By integrating detailed information about the collision point, track
momenta and impact parameters, along with global energy data, the current study demon-
strates the feasibility of completely reconstructing a light invisible state emanating from
tau decay, provided all these data elements are properly integrated. This achievement is
illustrated in the left panel of Fig. 59, showcasing the capability of CEPC in detecting and
analyzing such elusive BSM states. Depending on the new particle’s mass, the expected
sensitivity on BR(7 — Xj,,.) may reach O(107%) level or less.

Following the first benchmark study at CEPC focusing on invisible light BSM states,
the second benchmark study shifts attention to light LLPs emerging from heavy quark
FCNC transitions. These light LLPs could be exemplified by Axion-Like Particles ALP, dark
photons, or other new physics models. A key aspect of this study is the model-independent
nature of the search, with the LLPs being describable by a few effective parameters, such as
their mass and decay length. In this context, the underlying UV physics does not significantly
alter the search strategy. The most distinctive signal feature in this study is a clearly
constructed displaced decay vertex. This is vital for identifying the presence of the LLP.
However, due to the extremely low target rate - with current constraints on exotic branching
ratios producing LLPs from B mesons typically below 107 - it is unlikely that more than
one displaced vertex will be observed in a given event.

The current analysis primarily focuses on the decay mode Xi1p — ™, where the phe-
nomenology at CEPC is expected to be straightforward, characterized by a low background
level and a high signal efficiency. The production of the LLP is hypothesized to occur via
the exclusive decay B — K™ + X1 p. Notably, such processes can be generated even in the
absence of flavor-violating interactions in the new physics model. The preliminary results of
this study are concisely summarized in the right panel of Fig. 59. Since at CEPC the light
LLPs could also be produced from Higgs, or more importantly, Z exotic decays [370, 371].
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The flavor portal production then serves as a complementary of LLP searches.

Crucially, the sensitivity of this search to the LLP signal is closely tied to the particle’s
proper decay length. This sensitivity varies depending on the distance the LLP travels before
decaying and is found to peak around the centimeter scale. This dependency highlights the
intricate interplay between the LLP’s decay length and the detector’s capability to effectively

search for and analyze these rare events at CEPC.

IX. ELECTROWEAK PHASE TRANSITION AND GRAVITATIONAL WAVES
(KE-PAN XIE, SATI WANG, FA PENG HUANG, BRUCE)

The nonzero vacuum expectation value (VEV) of the Higgs field spontaneously breaks
the electroweak gauge group SU(2)y x U(1)y, thereby giving mass to the W+ and Z gauge
bosons as well as the fermions in the Standard Model (SM). However, in the high tempera-
ture and dense plasma of the early Universe, the Higgs potential was influenced by thermal
corrections, leading to a different VEV from its present state. Generally, at high temper-
atures, the Higgs VEV becomes (h) = 0, resulting in the restoration of the electroweak
symmetry [372]. The history of the Higgs VEV evolution from the early Universe value to
today’s (h) = vgw = 246 GeV, or say, the nature of the electroweak phase transition, is not
only of considerable interest but also of utmost importance. It deeply impacts the thermal
history of the Universe, and is closely linked to long-standing puzzles in particle physics and

cosmology, such as dark matter and matter-antimatter asymmetry.

A. Probing the nature of electroweak phase transition at the colliders

In the SM, the Higgs VEV (h) smoothly transitions from zero to vgw as the Universe cools
down. This transition is known as a crossover by lattice simulations [373-375]. However,
in the presence of physics beyond the SM, (h) can undergo a discontinuous jump known as
a first-order electroweak phase transition (FOEWPT) [376]. During this process, bubbles
containing the (h) # 0 vacuum form and expand within the background of the old vacuum
where (h) = 0. These bubbles eventually fill the entire space, converting the Universe from
the old false vacuum to the new true vacuum. The two different patterns of electroweak phase

transition are illustrated in Fig. 60, where the top panel sketches the SM crossover, while the
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FIG. 60: Ilustration of electroweak phase transition patterns. Top: in the SM, the
transition is a smooth crossover. Bottom: in many new physics models, the scalar potential

exhibits a barrier, allowing for a FOEWPT with bubble nucleation and expansion.

bottom panel sketches the FOEWPT in new physics beyond the SM. The underlying reason
for a FOEWPT is the existence of a potential barrier that forbids a smooth transition.
The FOEWPT holds greater scientific interest compared to the SM crossover due to its
profound cosmological implications. It can drive the Universe out of equilibrium and enable
electroweak baryogenesis. During this process, fermions engage in CP-violating scatterings
with the bubble wall, resulting in the creation of a chiral asymmetry, which is then converted
into a net baryon number by electroweak sphalerons. The baryon asymmetry is then swept
into the true vacuum through bubble expansion, and stored until today [377-386]. Addi-
tionally, the FOEWPT can impact the formation of dark matter [387-394] and even serve as
the seed for primordial black holes [395-407]. Furthermore, first-order phase transitions gen-
erally generate stochastic gravitational wave (GW) backgrounds through bubble collisions,
sound wave motion, and turbulence in the plasma [408-412]. A FOEWPT, which typically
occurs at 7' ~ 100 GeV, sources GWs that peak at frequencies of O(mHz) today [413-415].
These frequencies fall within the sensitivity range of several near-future space-based detec-

tors, such as LISA [416], TianQin [417, 418], and Taiji [419, 420], and hence will be efficiently
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probed in the next decade.

As mentioned above and illustrated in Fig. 60, from a particle physics perspective, a
FOEWPT may occur when there is a barrier separating the two local minima (vacua) of
the finite temperature Higgs potential, denoted as Vy(h,T'), which originates from physics
beyond the SM. This barrier prevents a smooth transition from the false vacuum to the true
vacuum, necessitating a thermal tunneling process known as FOEWPT. The probability of
this tunneling is determined by the vacuum decay rate [421]. Once the decay rate exceeds a
certain threshold, bubbles begin to form, leading to FOEWPT. FOEWPT can be categorized
into four types based on the source of the potential barrier [422]: I) thermally driven, ITA)
tree-level with renormalizable operators, IIB) tree-level with high-dimensional operators,
and III) loop-driven. Each type encompasses numerous new physics models with diverse
cosmological implications and phenomenological signals.

Particle experiments provide an efficient approach to probe the underlying physics of the
barrier and test the nature of the electroweak phase transition and also the associated new
physics mechanisms with baryogenesis and/or dark matter. The typical phenomenology of
FOEWPT includes the on-shell production of new particles or deviations in the properties
of the Higgs boson [423]. Ome example is the gauge singlet extension of the Standard
Model (referred to as the xSM, falling into type-IIA barrier), which exhibits correlations
and complementarity between high-energy collider searches for di-Higgs/di-boson processes
and GW measurements [424-428]. Similar analyses have been conducted for other models,
such as the Georgi-Machacek model [429, 430], the inert doublet model (IDM) [431, 432],
the dark gauged sector [433], etc.

The LHC can investigate new particles associated with the physics of FOEWPT up to the
TeV scale due to its exceptionally high collision energy. While the 240 GeV CEPC cannot
directly probe heavy degrees of freedom, it presents an opportunity for precise measure-
ments. CEPC can accurately determine the properties of the Higgs boson, indirectly pro-
viding insights into FOEWPT. Notably, deviation in the couplings involving the Higgs boson
(WWW, hZZ, and h*) may indicate potential dynamics associated with FOEWPT [424, 428
430, 434-439]. Furthermore, under certain circumstances, the CEPC can effectively explore
scenarios involving light new degrees of freedom, potentially leading to their discovery. Sub-
sequent subsections will delve into different FOEWPT scenarios, with a particular emphasis

on their interplay with the CEPC.
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B. Higgs precision measurements

The Higgs couplings can be influenced by new physics associated with the FOEWPT
barrier. A comprehensive study demonstrates that Higgs factories can effectively investi-
gate FOEWPTs in various scenarios [435], including the general and Zs-symmetric xSMs
(type-11A barrier), stop-like scalar and heavy fermion extensions of the SM (type-I barrier).
The correlation and complementarity between precise measurements of Higgs properties
like the hZZ and h?® couplings, as well as GW signals, enable this probing. Remarkably,
CEPC/ILC/FCC-ee can detect a significant portion of the FOEWPT parameter space by
observing deviations in the hZZ coupling. Additionally, the deviation of the h* coupling,
typically of the order O(1), can also be investigated. Below, we use the SM effective field
theory (EFT) as a representative example of the type-IIB barrier to show the correlation
between the Higgs trilinear coupling and the FOEWPT.

If new physics degrees of freedom are significantly heavier than the electroweak scale, they
can be integrated out, allowing for an SM EFT description. In the scalar sector, a generic

Higgs potential can be derived from the dimension-6 SM EFT framework, as indicated in

_122 )\4 1 6
V(h) = su*h? = h'+ 5h. (14)

This potential, involving terms up to order six in the Higgs background field h, has been as-
sociated with various new physics models such as inert singlet, doublet, triplet, or composite
Higgs models. The parameters in this potential, namely p2, A, and the new physics scale A,
can be adjusted to yield an SM-like Higgs boson consistent with experimental observations
and simultaneously generate a FOEWPT in the early Universe. Notably, the FOEWPT
predicts a discernible deviation of the tri-linear Higgs coupling compared to the prediction
of the SM, which can be tested at CEPC. At the one-loop level, the deviation of the tri-linear
Higgs coupling could be obtained

1
Linn = —3 (14 6,) Aph®  with &5, € (0.6,1.5), (15)

which could be tested by the precise measurements of the cross section of ete™ — hZ
at future lepton colliders, such as CEPC [434, 436, 440]. Another important prediction
of this type of new Higgs potential is the detectable phase transition GWs in near-future
space-based interferometers, such as LISA, TianQin, and Taiji. As shown in Fig. 61, the
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Fig. 61: General prediction of Zh cross section deviation to SM and its corresponding GW
signals in the SMEFT under the condition of FOEWPT [434, 440].

collider in synergy with the GW experiments could make complementary tests on the generic
Higgs potential from generic new physics models, which is also directly connected with the
electroweak baryogenesis [434, 436, 440].

More precisely, one way to test the FOEWPT scenario at future lepton colliders is through
the Z-boson and Higgs boson associated production (the hZ channel). The cross section
of the hZ channel 0,7 could be measured with an accuracy of O(0.1%) ~ O(1%) at future
lepton colliders. For example, an accuracy of 0.5% for 05,7 measurement could be achieved
at the CEPC with an integrated luminosity of 5ab~', while the ILC and FCC-ee have
similar sensitivities. The operator Og = |H|® contributes to the Zh cross section through
loop corrections. Other dim-6 operators, e.g. Oy = %(8H]H|2)2 and Oy = 1 <HT%>#H)2,
contribute to the hZ production at tree-level. We define the deviation of cross section of

the hZ production, normalized to the SM cross section, as follows:

5, =27 4
ohz = _SM
Onz
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As the golden channel of Higgs factory, the hZ production rate has been calculated very
precisely, including one-loop and two-loop quantum corrections. Here, we refer o7y to the
most state-of-the-art calculation of hZ production in the SM [441, 442]. At a lepton collider
with a center of mass energy /s = 250 GeV, the high dimension operators’ contribution to

the hZ production is approximately given by

9oy, = (0.26cyw + 0.01cpp + 0.04cw g — 0.06¢cy — 0.04cr

+0.74¢9 4 0.28¢3 +1.03¢5 — 0.76cg> x TeV? 4 0.0165,, (16)

where ¢, is the deviation of the Higgs trilinear coupling. The contribution J; in the hZ
channel is often neglected due to its loop suppression in operator analyses. However, we
argue against ignoring it in our FOEWPT study based on the following reasons. Firstly,
the FOEWPT condition necessitates a significant coefficient ¢4, leading to a substantial
contribution of 0.96% — 2.4% to doz;,. Importantly, the current experimental constraints on
cg are practically non-existent. Secondly, compared to other dim-6 operators, the coefficients
of which face stricter constraints, cg stands out as being less constrained. As such, the
contribution 9, cannot be disregarded.

The above study demonstrates that the possibility of FOEWPT induced by the |H|°
operator remains viable and consistent with current experimental data. Our investigation
into the dim-6 operators generated in three scalar extension models can be applied to a wide
range of new physics models. Typically, a FOEWPT requires an Higgs portal coupling on
the order of unity, and a large Higgs portal coupling may suggest a composite nature for
the Higgs boson. If the Higgs boson is a pseudo-Goldstone boson originating from strong
dynamics, the coefficients of dim-6 operators can be estimated using naive dimensional
analysis. The estimated coefficients of dominant CP-conserving operators are presented

below:

1 1 1 A? 1
CWWNCBBNCWBNFNWa CHNCTNF, C6N—F=—W-

If the EW phase transition is a FOEWPT, then one needs

1 1

< —C < 77—
2 S TS (055TeV)2

(0.89 TeV)? or equivalently 6.91 TeV < f < 11.18 TeV.
. (&

The coefficients cww ppwp ur are consistent with current experiments if the scale f is

within the above range. Using Eq. (16), we find 6,,, ~ 0.1% without the 0, term. The

OhZ
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FOEWPT condition requires 0.6 < 9, < 1.5. Therefore, including the ¢;, contribution yields

50'2 h

the CEPC.

in the range of (0.96 — 2.4)%, which could be probed at future lepton colliders, such as

C. Higgs exotic decay

It has been proposed that studying the exotic decay of the Higgs boson can effectively
probe the FOEWPT, for two main reasons. Firstly, the Higgs boson has a very narrow
width (', & 4.07 MeV), which makes it highly sensitive to the BSM physics. Secondly,
the FOEWPT requires significant interaction between the Higgs boson and the new physics
sector. Consequently, if kinematically allowed, the Higgs boson can have a large decay
branching ratio to the new physics particles. Therefore, accurately determining the decay
properties of the Higgs boson at the CEPC would greatly assist in testing relevant models
and studying the characteristics of the electroweak phase transition. See Section IV for more
new physics implications from the Higgs exotic decay, while in this subsection we focus on
the relation to the FOEWPT.

This concept has been explored in research on the xXSM (i.e. real singlet expansion of
the SM), where the potential barrier can be thermally driven (type-I) or tree-level driven
with renormalizable operators (type-I1TA) [61, 443, 444]. In this scenario, when the singlet s
has a Zy symmetry, or has a small mixing angle § with the Higgs boson h, the exotic decay
h — ss partial width can be expressed as

2,2 Am2
['(h — ss) = Go%w 1 Tr;57 (17)

2mmy, my

where m;, = 125 GeV is the Higgs mass, m; is the singlet mass, and a5 is the Higgs-portal
coupling of £ O —ash®s?/4. On the other hand, the necessary condition for FOPEWPT
requires [444]

2 2
s Zp-0dd s:
v
ag > i:‘; A (18)
5——, small mixing s, with A 2 0.6 —0.8.
dvgw 1 — A

This clearly shows the relation between FOEWPT and Higgs exotic decay.
For a Zs-odd s, the h — ss process leads to the Higgs invisible decay. If s mixes with
h, then the decay chain would be h — ss — X XYY, where X and Y denote SM particles.
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FIG. 62: Updated version of figure from Ref. [61], the Higgs exotic decay
h — ss - X XYY as a probe for the FOEWPT, where X and Y denote the SM particles.
Left: the current bounds; Right: the future projections. The s — SM decays are assumed
to be mediated by h-s mixing [445]. The expected HL-LHC reach for exotic decay
branching ratio (4% [446]) and the statistical limit of 10° Higgs at future lepton colliders
are shown as upper and lower horizontal dotted lines, respectively. The FOEWPT
parameter space is shown in brown and light blue shadowed regions for various
benchmarks [443, 444]. Dashed lines are the projected reach of future lepton colliders. See
the text for the details.

Recent research, summarized in the left panel of Fig. 62 from Ref. [61], has constrained the
FOEWPT parameter space using data from LHC searches targeting specific final states,
namely XXYY = ptpu ptp~, ptp-rtr, vtr—rtr=, bbutp~, bbrtr~, and bbbb. The
parameter space corresponds to both the spontaneous Z,-breaking model (brown region)
and the general xSM with a mixing angle sinf = 0.01 between the s and h scalar bosons
(blue region). These bounds assume that the decays s — XX and s — YY are mediated
by the mixing between the Higgs boson h and the new scalar boson s, with branching ratios
obtained from Ref. [445].

Projections for the HL-LHC are presented in the right panel of Fig. 62. Although the
2 10 GeV, the reach of the b-relevant

~Y

dominant decay channel for s is s — bb when m,

channels is constrained due to the large multi-jet background at the LHC. However, lepton
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colliders like CEPC can effectively measure this channel because of the clean collision envi-
ronment. For example, CEPC operating at /s = 240 GeV with an integrated luminosity
of 5 ab™! enables probing of the bbbb channel through associated production ete™ — Zh,
achieving a branching ratio sensitivity down to 1073. This coverage extends to a substan-
tial portion of the FOEWPT parameter space, as depicted by the dashed and dotted lines
in the right panel of Fig. 62 (from [41] and [447], respectively). A similar sensitivity is
found in an ILC-related research [448]. Additionally, CEPC exhibits improved sensitivity
for the 7777777~ channel compared to the HL-LHC, particularly for 4 GeV < m, < 10
GeV [45]. This is demonstrated by the orange dashed line in Fig. 62. By combining the
bbbb and 77777~ channels, CEPC has the potential to probe almost the entire FOEWPT
parameter space for the general xSM with a mixing angle sinf = 0.01.

The above discussions are based on the prompt decays of s. A small mixing angle 6 for
the singlet s can lead to its detection in long-lived particle (LLP) searches, as suggested in
Ref. [449]. The use of LLP detectors at the LHC enables an extension of the sensitivity to
FOEWPT, surpassing the coverage achievable through prompt searches for exotic Higgs de-
cays. We expect the LLP search at future Higgs factories can also have significant capability
in probing the FOEWPT scenario.

Although the discussions presented here are taking the xSM as an example, they also
generally apply to other BSM models. For example, a complex scalar ST that is an SU(2),
singlet but carries unit charge under U(1)y, which generally exists in lepton-portal dark mat-
ter models [54, 450-452], can also induce FOEWPT, and the corresponding parameter space
can be probed by the h — STS~ decay [54]. Furthermore, the CEPC precise measurement
on the Higgs CP property also helps to identify the BSM CP-violating phase [453-456],
which is another necessary condition for electroweak baryogenesis. Recently, it has been
shown that the Higgs exotic decay can even probe the MeV-scale phase transition account-

ing for the nano-Hertz GW excess [457].

X. NEUTRINO PHYSICS (BHUPAL, WEI, YONGCHAO)

e Motivation: neutrino mass mechanism, new messengers and interactions at EW scale.

— Bhupal - DONE

e Possibility of connecting to leptogenesis (collider probes) and dark matter (sterile
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neutrino in the vMSM). — Wei — DONE

e A brief review of type-I, type-1I and type-III seesaw, as well as radiative models of

neutrino mass (Zee model, Zee-Babu model, Ma 2006 model) — Bhupal.

e Is there parameter space that can be probed at /s = 240 GeV CEPC not excluded

by other constraints? Answer is yes for HNLs. — Yongchao

e 7 and Higgs decays to HNL can be best probed at CEPC (Wei’s paper 2018, simple
scaling from DELPHI). ~-Wei -DONE Z decay already shown in B.2

e Connection with low-energy physics: Ovf33, LEV, parity-violation (Moller) experi-
ments [458]. — Bhupal

e Summary plot for HNLs at CEPC in the minimal model. —Yongchao

e Neutral and doubly-charged scalar from the SU(2) triplets [459]

A. Motivation

The observation of neutrino oscillations [460, 461] provides the first (and so far only)
laboratory evidence for BSM physics. Within the SM, the neutrinos are exactly massless to
all orders in perturbation theory, and even non-perturbative sphaleron effects cannot induce
neutrino mass due to the accidental global B — L symmetry. Therefore, studying neutrino
mass generation mechanisms could pave the way for the discovery of the underlying BSM
physics.

In collider environments, neutrinos simply behave as missing energy and are undetectable
by themselves. Nevertheless, the first direct observation of neutrino interactions at a particle
collider experiment was recently achieved by the FASER collaboration [462]. However, any
nonstandard neutrino interaction effect is yet to be seen. In this section, we will outline
several possible BSM signals associated with the neutrino sector that could potentially be
observable at CEPC. We will also discuss their far-reaching implications for other outstand-
ing puzzles of the SM, such as DM and baryogenesis. For reviews of neutrino physics at
colliders and complementarity with other observables, see e.g. Refs. [463, 464].

Perhaps the most striking collider signals associated with neutrino mass generation mech-

anism are the lepton-number violating signals with same-sign charged lepton pairs, e.g. the
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FIG. 63: Summary of prospects of heavy neutrino mass my and the heavy-light neutrino

mixing |U]? at the CEPC. More comments...

Keung-Senjanovic process pp — ¢£¢*jj for hadron colliders [465], which is the high-energy
analog of the neutrinoless double beta decay (0vf33) process, but now with any lepton fla-
vor. This is generically expected in theories of Majorana neutrinos, when we parametrize the
(B— L)-breaking effects through an effective dimension-5 Weinberg operator LLH H /A [466].
A well-known UV-complete example is the type-I seesaw mechanism [467-472] with heavy
right-handed neutrinos (RHNs). This can be realized by just adding the Majorana RHNs
to the SM particle content, or in more natural ways by extending the SM gauge group
to higher gauge groups like U(1)p_p [473-475], SU(2)r x SU(2)gr x U(1)p_r [476-478] or
SO(10) [479, 480], where the RHNs are necessary for anomaly cancelation. Thus ensues
a very rich collider phenomenology of the RHNs [463], if the seesaw scale happens to be
around the electroweak scale. Here we will only cover some aspects of RHN phenomenology

directly relevant to CEPC.
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FIG. 64: Sensitivity at the 20 C.L. for heavy neutrino searches via displaced vertices at
the FCC-ee, CEPC and ILC, assuming 100% signal efficiency. The sensitivities for
Eem # my are understood for |0|* = |0.|* (with 6, 6. = 0). The black dashed lines denote
the conventional Z pole searches [481]. Taken from Ref. [482].

B. Prospects of heavy neutrinos
1. Heavy neutrinos at the near detector

In Ref. [482], the authors investigate the sensitivity of future lepton colliders to long-
lived heavy (almost sterile) neutrinos N with electroweak scale masses and detectable time
of flight, via displaced vertex signatures. The theoretical framework is an explicit low-scale
seesaw, the Symmetry Protected Seesaw Scenario (SPSS) model [481]. The signal process
is e”e™ — vN running at the Z-pole and /s = 240, 350, 500 GeV at the FCC-ee, CEPC
and ILC. The ILC’s Silicon Detector (SiD) is used as the benchmark detector at future
lepton colliders. The background processes are analyzed, and the heavy neutrino N decays
with a vertex displacement between 10 pm and 249 cm (the outer radius of the HCAL) are
considered to be free of backgrounds and detectable by SiD. Sensitivity results of my and
the squared mixing angle |0|? of heavy neutrino with the active neutrinos at different future
lepton colliders are presented in terms of 4-signal-event contour curves in Fig. 64, where the
FCC-ee [CEPC] (ILC) are assumed to be running with integrated luminosity of 110 [0.1]
(0.1) ab™! at /s = 90 GeV, 5 [5] (0.5) ab™! at /s = 250 GeV, 1.5 [0] (0.2) ab™! at /s =
350 GeV, and 0 [0] (5) ab™! at 500 GeV, respectively.

There are also some other researches of heavy neutrinos /N performing as displaced vertex
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at future lepton colliders. Here we list some of them. Ref. [483] studies heavy neutrinos N at
future lepton colliders in the framework of the neutrino-extended Standard Model Effective
Field Theory (vSMEFT). The study focuses on four representative running modes: the
FCC-ee with /s = 90 and 240 GeV, the CLIC with /s = 3 TeV, and a representative
muon collider with /s = 3 TeV. With dimension-six EFT operators included, additional
production and decay modes for the heavy neutrinos are present besides those arising from
the mixing with the active neutrinos. The authors consider single- and pair-production of
N via four-fermion operators, and the most relevant additional decay modes are identified
to be N — vy when my < 15 GeV and N — 3f for larger masses, where 3f denotes
various possible three-fermion combinations. Depending on the heavy neutrino mass and
the cutoff scale A at which the EFT breaks down, the heavy neutrinos N can decay either
promptly or with a macroscopic distance, or appears stable at the detector level. For the
displaced vertex searches, the decay vertex is required to lie between 1 cm and 100 cm from
the primary vertex. The background is assumed to be negligible, and in both the two decay
modes N — vv, 3f, the cutoff scaled can be probed up to roughly 20 TeV at the FCC-ee
240 GeV with an integrated luminosity of 5 ab™!.

Similarly, Ref. [484] focuses on long-lived heavy neutrino via displaced vertex signature at
the FCC-ee running at the Z-pole. This study assumes that only one Majorana heavy neu-
trino N mixing with the electron neutrino. The signal process is e”et — vN — v(ete v),
and the background processes include Z — ete™, 7777, bb, c¢, uds. For LLPs decaying at a
displaced vertex, the transverse impact parameter dy of the displaced particles can be used
as a complementary variable to the decay length. dj is given as the distance from the beam
line to the projected back-trace of the displaced tracks in the transverse plane. LLPs’ decay
products are expected to exhibit larger values of dy. This study selects long-lived heavy
neutrinos by requiring both final-state electrons to have dy > 0.5 mm. Assuming Z-pole
running with an integrated luminosity of 150 ab™!, it is found that the squared mixing |V, |?

can be probed up to O(1078) for a heavy neutrino with mass of O(10 GeV).

Ref. [485] investigates methods to observe lepton number violation (LNV) and distinguish
Dirac and Majorana heavy neutrinos N at future lepton colliders. These methods include
the angular distribution and spectrum of the heavy neutrino’s decay products as well as their
lifetime. The latter exploits the fact that the total decay width of N differs by a factor of

two between the Majorana and Dirac cases, leading to a decay length A differing in displaced
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FIG. 65: The potential of FCC-ee to my and the dipole coupling |d,| at the 90% C.L. at
the Z-pole. The solid and short-dashed blue lines correspond respectively to the vertex
transverse displacement of 0.4 mm and 0.1 mm, and the long-dashed light blue line denotes

the sensitivity corresponding to the y+missing energy signature. Taken from Ref. [486].

vertex searches at colliders. Therefore, according to Eq. (9), the decay probabilities inside
the same detector should be different between the Majorana and Dirac cases as well. This
implies different numbers of observed signal events in displaced-vertex searches, and can
be used to distinguish Dirac and Majorana heavy neutrinos. The analytic estimates for the
number of events and sensitivity regions during the Z-pole run for both Majorana and Dirac
HNLs are also present in this study.

Ref. [486] studies the potential of future colliders to explore the parameter space of heavy
neutrinos through the dipole portal. This work considers various signatures for the HNLs
including missing energy and displaced decays, and discusses the complementarity between
the hadron and lepton colliders. At lepton colliders, the signal process is e" et — Z —
vN, N — ve~ et vy at /s = 91.2 GeV. For the displaced vertex searches, the decay volume
is considered to be the Innovative Detector for Electron—positron Accelerators (IDEA), which
is a cylinder with radius r = 4.5 m and longitudinal size L = 11 m [487]. For the e e™

final state, the background processes include Z — e~e™ + inv., e" et — e etvv. To reject
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the background by exploiting the long-lived signature of N, the following two choices of
a displacement cut are applied: rgs, > 0.4 mm and 0.1 mm, depending on the spatial
resolution of the tracker. Here rgisp is the vertex transverse displacement from the collision
point. Fig. 65 shows the FCC-ee potential to the parameter space of the heavy neutrino mass
my and the dipole coupling |d,|, assuming 5x 10'* Z-bosons produced in total corresponding
to a luminosity of 150 ab~!. Here the active neutrino flavor has been chosen to be muonic,
which applies also to the electron and tauon flavors, as the FCC-ee sensitivity is flavor
universal. Sensitivity reaches of the HL-LHC and FCC-hh are also given for comparison

purpose in this work.

2.  Heavy neutrinos at far detectors

Ref. [84] considers Z boson decays to an active neutrino and a long-lived heavy neutrino
N, Z — vN, at /s = 91.2 GeV. In the analysis, the total number of the Z bosons produced
at the CEPC is specified as NZEPC = 7.0x 10! corresponding to a total integrated luminosity
of LSPPC = 16 ab~!, while NL99* = 5.0 x 10'2 corresponding to L5 = 150 ab~!. The
background is assumed to be negligible. Sensitivity results at the 95% C.L. in terms of
3-signal-event contour curves are presented in Fig. 66, reproduced from Ref. [84]. The
sensitivity reaches of the CEPC/FCC-ee’s far detectors FD1, FD3 and FDG6 in the plane of
my and |V,n|? (with a = e or u) are shown in the upper panel, in comparison with the
current constraints in gray and prospects at the near detector (ND) and other experiments
including the LHC FDs. The luminosity has taken to be 150 ab~!. The sensitivities of ND,
FD3 and FD6 with three different luminosities of £ = 16, 150 and 750 ab™! are presented
in the lower panel. The prospects for the case of heavy neutrino with equal mixings with
all three active neutrino generations, i.e. |Voy[* = |V,n|* = |Von|?, are shown as the dashed
lines in the lower panel, with £, = 750 ab™!. It is clear that the near detector and FD6 at
the CEPC or FCC-ee may probe the type-I seesaw limits on |V, x|?, if my lies between 10
GeV and 60 GeV.

We note that if high-precision timing information (O(picosecond)) can be obtained, it
is possible to correlate the activities at the ND and the FD that stem from the same col-
lision event at the IP. Achieving this event correlation would allow for observing lepton-

number-violating (LNV) processes that could arise, e.g. from long-lived HNLs. Ref. [273],
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for instance, shows its feasibility with the proposed LHC far detectors; if observed, such
LNV processes can pin down the Majorana nature of the neutrinos. In principle, similar

strategies can also be implemented at high-energy ete™ colliders.
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(blue). The faint and thick curves are the prospects for the main detectors and HECATE,
respectively. The shaded regions are excluded by current experiments, and the expected

sensitivities of selected other experiments are indicated by the green curves. See the text

for more details. Taken from Ref. [274].

Ref. [274] proposes to install a HErmetic CAvern TrackEr (HECATE) at the CEPC
and FCC-ee. The HECATE detector would consist of resistive plate chambers (RPCs) or
scintillator plates, constructed from extruded scintillating bars, located around the cavern
walls and forming a 47 detector. In order to obtain timing information and to distinguish
particles from cosmic background, the HECATE detector should have at least two layers of
detector material separated by a sizable distance. For reliable tracking, at least four layers,
along with a smaller size or optimized geometry of the detector plates, would be required.

This study estimates the HECATE sensitivity for long-lived heavy neutrino produced
from Z boson decays Z — vN at /s = 91.2 GeV. Similar to Eq. (9), in their analyses, the
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decay probability of long-lived heavy neutrino inside the detector’s fiducial volume is related
to exp{—lo/ Ay} — exp{—11/Ay}. The total number of Z bosons are taken to be 3.5 x 10!
and 2.5 x 10'? at CEPC and FCC-ee, respectively. We extract Fig. 67 from Ref. [274] which
shows the isocurve for nine signal events with the HECATE at CEPC and FCC-ee, which
are shown respectively as the blue and red lines. Two setups of HECATE are investigated
with lp = 4 m and [; = 15 m (solid) or 25 m (dashed). Sensitivities are also compared with
multiple other experiments in this study. The faint solid curves show the main detector
sensitivity (lp = 5 mm, [; = 1.22 m). The faint dash-dotted curve indicates the additional
gain if the muon chambers are used at the FCC-ee (lp = 1.22 m, [; = 4 m). The thick
curves show the sensitivity of HECATE with Iy = 4 m, [; = 15 m (solid) and Iy = 4 m,
l; = 25 m (dashed), respectively. Finally, the faint dashed red line shows the FCC-ee main
detector sensitivity with 5 x 102 Z bosons, corresponding to the luminosity at two IPs.
For comparison we indicate the expected sensitivity of selected other experiments with the
different green curves as indicated in the plot [247, 248, 265, 488, 489]. The gray areas in the
upper part of the plot show the region excluded by past experiments [490-498], while the
grey areas at the bottom mark the regions that are disfavoured by BBN [499] and neutrino
oscillation data in the Neutrino Minimal Standard Model (vMSM, labelled as “seesaw” in

the figure) [500, 501].

3. Heavy neutrinos at beam dump experiments

The authors of Ref. [502] consider an experimental setup similar to what is shown in
Fig. 47. In their analysis, the water dump is designed with the length of l4ymp = 11 m and
the diameter of 1.8 m. The cylindrical decay volume is assumed to contain a multi-layer
tracker, and has length l4ec = 50 m and radius r4es = 3 m. The length of the muon shield
lgn is set to be 70 m. Moreover, to reject secondary muons that would arise for the electron
beam energy Fheanm = 500 GeV, an additional active muon shield behind the muon shield
is added. Thus, the muon shield is assumed to be comprised of the lead shield with length
lieaa = 10 m and the active shield with length lactive = lsn — lieaa = 60 m.

The authors take the number of electrons on the beam dump Ngor = 4 x 10! per year,
and a time frame of 10-year run for both ILC-250 and ILC-1000 where the beam energy
is 125 GeV and 500 GeV, respectively. The following two production mechanisms of the
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FIG. 68: Sensitivity reach of ILC beam-dump experiment to HNLs mixing with the
electron neutrino in the mass and mixing plane, assuming 10 year run at ILC-250 (black
solid) and ILC-1000 (red solid). The number of signal events is required to be more than

5.5 (9.1) at ILC-250 (1000), which corresponds to the 95% C.L. sensitivity. Sensitivity
reach through 10° Z decays at the ILC is shown as a blue solid line. Taken from Ref. [502].

HNLs in the ILC beam-dump experiment are considered: (i) production from meson and
7 lepton decays; (ii) direct production from electrons and muons in EM shower interacting
with nucleons. In both cases, HNLs decaying inside the decay volume are considered as
signal. For this analysis, the number of background events are assumed to be 5 and 20 at
ILC-250 and ILC-1000 for 10-year statistics, respectively. The corresponding upper bounds
on the signal events at 95% C.L. are respectively 5.5 and 9.1. Based on the analysis, Fig. 68
shows the sensitivity reach of the ILC beam-dump experiment to HNLs mixing with the
electron neutrino in the plane of mass myn, and mixing |Ue|2). The sensitivity reaches on

mixing parameters |U,|? and |U,|? are also presented in Ref. [502].



137

]‘074 E T T T T E
10_5 - \\ “ l)l:lll)Hl T
v E
A NS .
N, ]
a N \\ ¢‘ i
N \ . ATLAS
—6 L _ S|
107 g N -
r \ \ * 3
- AV OIS \\\ \\ “‘ .
2 R N
|Ue| 107 ko R | \ Al
E o : ‘I \ s 7
C = i - . A
I I ik Ne 1 Il o
NG .
I N Ji Sa :‘ *45 ! o
-8 M 4 ‘\ SoUNe oS0 }1 : ]\[~ ‘/’ J S //I ‘e ., B
W | L
r \\ ‘\\\ ~:\\\ ! ’,/ 3
B \\ e : “71{ II _/7 -
\ S~ i 4} e

i ‘v NA62 4y, 1
1079 & SR N—-— O — ILC-250 ]
s 3y N === 1LC-1000 ]
B AN 1 So .
- S 1 i
I e €3 /CLIC-3000 ]

10—10 1 1 1 1 1 | el 1 1 1 1 1 11

my [GeV]

FIG. 69: The reach of beam dump experiments for electron-mixed HNLs in the my vs |U,|?
plane for ILC-250 (black, solid curve), ILC-1000 (black, dashed curve), and C*/CLIC-3000
(black, dotted curve), assuming one year of operation. The limits are set by requiring 10
signal events in the detector. Existing experimental limits are depicted by the gray shaded
region, while constraints from BBN are shown as the blue shaded region. Prospects at

proposed experiments are indicated by the colored dashed curves. Taken from Ref. [503].

In Ref. [503], a similar study is performed to evaluate the discovery potential of beam-
dump experiments at future lepton colliders to heavy neutral leptons. The considered exper-
iment setup is almost the same as that in Ref. [502], except that the detector radius is now
taken to be 2 m and the additional active muon shield is not mentioned. For the colliders,
the ILC, Cool Copper Collider (C?), and CLIC, are considered. For the C* and CLIC, the
CM energy is taken to be 3 TeV with symmetrical ete™ collision. HNLs produced from

mesons’ and 7 lepton’s decays and via charged-current electron-proton scattering are taken
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into account in the computation. In Fig. 69 we reproduce the sensitivity reach to the HNLs
mixed only with electron neutrinos from Ref. [503]. The sensitivity results for the HNLs

that mix dominantly with muon neutrino or tau neutrino are also available in Ref. [503].

4. SM Higgs decay h — NN

CEPC can search for heavy N within the reach of its center of mass energy. There
have been studies on the weak single N production at CEPC in the process e” et — vN
for center-of-mass energy /s = 240 GeV [504], and on high luminosity Z-pole running
mode [505, 506]. 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 for heavy N search [507]. 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 ete™ — 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. 47,47V 2720V | 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-
sign dileptons [509] 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 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™! luminosity, multi-lepton rare decay search for h —
NN will be sensitive to Higgs-BSM scalar mixing angle up to around |sina|? < 10~%. The
reaches on multi-lepton Higgs rare decay branching ratios are shown in Fig. 70.

In the meantime, h — NN channel can also be used to test the origin of neutrino masses,
i.e. seesaw mechanisms. In Ref. [510], pair-produced long-lived N from Higgs decays is

searched at colliders, including CEPC and ILC, for the U(1)g_; model. At the CEPC, with
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FIG. 70: The projected CEPC sensitivities, 20 (solid) and 50 (dashed), to the decay
branching ratio of h — NN for 2-4¢ channels. Sensitivities at 240 GeV and 5.6 ab™! are
comparable to HL-LHC projections [508]. Adapted from Ref. [509].

a center-of-mass energy /s = 250 GeV, the dominant Higgs production process is Higgs-
Strahlung, ete™ — Z* — Zh, which cross section is o ~ 240 fb for /s = 250 GeV, and
reduced by the Higgs-BSM mixing angle, o cos? . Comparing to the LHC, the Higgs pro-
duction is about 200 times smaller, but CEPC has larger luminosity and clean background.
The SM Higgs can decay into a pair of heavy N, with

I(h — NN)
['(h)gycosa?+T'(h— NN)’

Br(h — NN) = (19)

where T'(h)sm &~ 4.2 x 1073 GeV is the total decay width of the SM Higgs, and 7 is the
VEV of the B — L scalar, and

2 2\ 3/2
T'(h — NN) = gsirﬁa%@ (1 - 4MN) . (20)

72 87 mp2
Hence, the cross section of pair-produced heavy N at the CEPC, from (ete”™ — Z — Zh —
Z + NN) dependent both on My and sin o, when we fix # = 3.75 TeV. It is found that the
production cross section peaks where My =~ 40 GeV, and can reach O(0.1) fb, when the
Higgs-BSM mixing is at the current upper limits, sina ~ 0.3 [511].
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Region Inner Radius Outer Radius z-Extent |do|/c}, o
ILC Region 1 22 120 152 12 0.002
ILC Region 2 120 330 300 4 2

CEPC Region 1 15 180 240 12 0.007
CEPC Region 2 180 440 400 4 2

TABLE IX: Parameters of simplified detector geometries representing future detectors,

namely ILC [229, 512], CEPC [4]. All length units are in cm.

The heavy N, can subsequently decay into SM states, via the active-sterile mixing. Giving

our interested parameter space, My < 60 GeV, |Vin|* ~ m, /My ~ 1072, and N mainly

decays via three-body processes such as N — (*qq and N — ¢(*/~v. Hence, N can be
long-lived, and the resulting decay length for My < myz can be expressed as

10~12 100 GeV)®
Ly ~ 0.025 m - : . 21
N " (yvmﬁ) ( My ) (21)

Therefore, the NV can possesses decay length O(0.1) m, leading to displaced vertex signatures
at the CEPC. To estimate the events of displaced vertex signals, we simplify the geometry
and detector response of the CEPC detector. In Table IX, we show the size and resolution
of the CEPC detector [4], comparing to the ILC [229, 512]. Here, o} is the resolution of
the detector in transverse direction, and d; is the transverse distance between the heavy N
and lepton in the final states, such as |dy| = |zp, — yp.|/pr, where z and y are the position
where the heavy N decayed, and p,, p,, pr are the components of momentum and transverse
momentum of the final particles ¢, and L,, and L, are the transverse and longitudinal decay
lengths of the HNLs, respectively. The Region 1 and 2, are approximated the tracker and
muon systems of the corresponding detector. Giving they can detect muons better, for the
later results, we take ¢ = p. For heavy NV, if it is decayed either inside the Region 1 or 2,
and |dy|/ol, is larger than required, we assume it can be detected by the detector with 100%
efficiency.

With such long-lived N, we assume the background can be negligible, so the sensitivity
can be estimated by requiring the number of signal events, Ng 2 3, at 95% CL. And the
results of CEPC with 20 ab~! integrated luminosity, is shown in Fig. 71. Assuming no

observation of a single displaced vertex, the excluded regions in the (My,V,y) parameter
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FIG. 71: Excluded regions in the (My, V,n) parameter space at 95% CL assuming no

observation of a single displaced vertex for the 20 ab~! CEPC (purple). The grey band

indicates the parameter region where a light neutrino mass in the interesting range is

generated, 0.01 eV < m, = |V,n[*my < 0.3 eV. We fix the Higgs-BSM mixing sin a = 0.3.
Adapted from Ref. [510].

space at 95% CL is shown. The grey band indicates the parameter region where a light
neutrino mass in the interesting range is generated, 0.01 eV < m, = |V,y|*my < 0.3 eV.
From the figure, we find the sensitivity region roughly tracks where decay length Ly ~ O(1)
m. CEPC can reach the parameter space where type-I seesaw predicts, and even below it.
Therefore, we have shown that CEPC have potential in revealing the nature of neutrino
masses. However, such statement rely on the existence of significant Higgs-BSM mixing

angle, which might be excluded by the precision measurement of Higgs signal rates at the

CEPC [513].
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5. Prospects of heavy neutrinos in U(1) models

Under the general U(1) framework, a neutral BSM gauge boson (Z’) is evolved. Such a
7' gauge boson can be tested at the high energy experiments. We find that if ete™ colliders
are built then we can study forward-backward (FB), left-right (LR) and left-right forward-
backward (LR-FB) asymmetries at different center of mass energies [514]. The Z’ in this
scenario can directly interact with the right-handed neutrinos (RHNs). Hence we can study
the pair production of RHNs from the Z’ at the LHC and other proton-proton colliders at
Vs = 27 TeV and 100 TeV from prompt and displaced scenarios after the decay of RHNs.
We find that the RHNs pair production from the Z’ can be enhanced at xy = —1.2 which
is the general U(1) charge of SM Higgs doublet [515, 516]. We find the branching ratio of
Z' into a pair of RHNs (BR(Z" — 2N)) is nearly one order of magnitude larger than the
branching ratio of Z’ into lepton doublets (BR(Z’ — 2()). We produce the RHNs from 2’

at the e~ et collider following

e > s(8 + 12xy + bx%) (1 B 4M12v>3/2

MZ’4 1927T

olete” = 2" — N;N;) ~ ( (22)

s
Studying the signal of same sign dilepton plus four jets and corresponding SM backgrounds,
we show the 2—o contours on the My — My plane in Fig. 72 for xy = —2. The luminosities
are respectively 2 ab™!, 4 ab™! and 8 ab™! for 250 GeV, 500 GeV and 1 TeV. The contours

for other values of zy can be found in Ref. [516].

6. Prospects of heavy neutrinos in the LRSM

Yongchao: Will write to the authors of 1612.06840

The production of N in the minimal left-right symmetric model (LRSM) [477, 478, 517]
can be sizeable at lepton colliders, even for relatively high Wx mass and small Higgs mixing.
In particular, the neutral component A of the right-handed triplet A couples directly with
the heavy neutrinos, and could mix with the SM Higgs. One of the resultant physical scalars,
A, is predominantly from Ag. For /s < O(100) GeV, the dominant production of A at
ete™ colliders occurs in the associated AZ production, and the corresponding leading-order
cross section is

LG M} A+ 12(M3/s)

0(@*67 — AZ) =3y 96ms (’03 dz) - (M2/3)2 ,
Z

(23)
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FIG. 72: 2-0 contour of the My — My plane at the electron-positron colliders at different
center of mass energies studying same-sign dilepton plus four jet final states. Taken from

Ref. [516]

where A = (1 —m2/s — M2/s)? — 4m2M32/s% . = —1, G = —1 + 4s%, and the Avw
one via WW fusion, see e.g. Ref. [518]. The decay A — NN leads to the NNZ final
state with up to four leptons and no missing energy when Z decays leptonically. The total
integrated luminosity at LEP was too small to find more than ~ 2 NNZ events from the
collected data. On the other hand, the future e*e™ machines may have sufficient sensitivity
to look for heavy neutrinos from A decays. Various production c.m. energies are currently
under consideration from the Z pole at 90 GeV all the way to a 3 TeV machine, with
VSwhitev = 10.16,0.24,0.35, 1} TeV [519]. The backgrounds depend on the c.m. energy
and are particularly low below the t¢ threshold. Moreover, they can be reduced with cuts
to a small level even above this energy. Conversely, for TeV machines, the W VBF channel
takes over and the N Nvv final state dominates. The exact capabilities of the detectors are

presently unknown, therefore we only show the signal event counts for different /s cases in

Fig. 73, as function of the scalar mass ma [520].
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FIG. 73: Signal event rates for ete™ — ZNN productions at lepton colliders for different
/s, with a universal luminosity of £ =1 ab™' and my = ma/3. The shaded regions cover

the range of sinf € (0.01, 0.1). Figure from Ref. [520].

C. Non-standard neutrino interactions

The presence of nonstandard neutrino interactions (NSI) has a large effect on the preci-
sion measurements at next-generation neutrino oscillation experiments, and other types of
experiments can also constrain the NSI parameter space. Ref. [521] considered the monopho-
ton channel at the CEPC. The Lagrangian of neutral current (NC) NSI with electrons can

be written as,
LNSE = —2V2G pecs (D" PLug) ey, Pre) — 2V 2Gpecl (04" Prug) (€7, Pre),  (24)

where «, (3 label the lepton flavors (e, i, 7).

With the monophoton searches, Fig. 74 shows the allowed 90% C.L. region for NSI with
electrons in the plane of (¢, €®) at CEPC with 5.6 ab™! data of /s = 240 GeV (Black),
with 2.6 ab™! data of \/s = 160 GeV (Red), and with 16 ab=! data of /s = 91.2 GeV (Blue),
respectively, from the production of single photon associated with neutrino pair e e~ — viry.

From the left side of Fig. 74, one can see that the allowed region for each running mode

lies between the two concentric circles, which can be a good complementary with current
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FIG. 74: The allowed 90% C.L. region for electron-type neutrino NSI in the planes of
(eck) elt) at future CEPC with 5.6 ab™! data of v/s = 240 GeV (Black), with 2.6 ab™!
data of /s = 160 GeV (Red), and with 16 ab™! data of \/s = 91.2 GeV (Blue),
respectively. The allowed 90% C.L. regions arising from the global analysis of the LEP,
CHARM, LSND, and reactor data [522], are shown in the shaded gray regions. With all
the data collected in all three running modes, the combined result (green) is shown in the
right panel. Figure from Ref. [521]

el eR

ec.'). The coordinates of circle center for the contour

global analysis in constraining (e, €5,

of (e¢f, €¢) are dependent on /s. We can find that the direction from the SM point (0,0)
to the circle center with /s = 91.2 GeV is approximately perpendicular to that with the
other two running modes. Thus, by combining the data from the three different running
modes, the allowed regions for NSI parameters with electrons can be severely constrained
as compared to the global analysis, which is shown on the right side of Fig. 74 with a green

curve. Even if both €¢ and € are present, the allowed ranges for |e¢L| or |e“| can be

constrained to be smaller than 0.002.

D. Active-sterile neutrino transition magnetic moments

The discovery that neutrinos oscillate, and therefore neutrinos have distinct mass and

flavor eigenstates, has proven to be one of the most definitive pieces of evidence for physics
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beyond the Standard Model (BSM) in the last two decades, which can be explained by includ-
ing the additional heavy neutral leptons N (often referred to sterile neutrinos). Ref. [523]
studied the active-sterile neutrino transition magnetic moments. The relevant operators

respecting the SU(2), ® U(1)y gauge symmetry can be written as [524]
LD Ek(dlﬁvWﬁyT‘l +d%B")Ho,,N + H.c., (25)

where H = ioyH*, 7¢ = 0%/2 with ¢® being Pauli matrices, Wy, and B" denote the
SU(2), and U(1), field strength tensors with Wi, = 9, W5 — 9,Wi + ge®®™ W WS and
B, = 0,B, — 0,B,, and L are the SM lepton doublets. After electroweak symmetry

breaking with the Higgs vacuum expectation value v, one obtains

E D dl;/‘V(EkW_l/o-MVN) + Dﬁ(drkyFluV - de;ZIU/)O-MVN + H.C., (26)

m

which can induce dipole operators to SM photon, the weak boson Z and W, with

k v k dyy . k v (dyy koo k Y ok
d, = E <dB cos 0y, + 7811191”) , dy = E (7 cos 0, — dj; sm@w> . dyy = =dyy,
(27)
where 0, is the weak mixing angle.

At CEPC, the sterile neutrino N production will proceed from the process ete™ —
Ny, + H.c. via either Z or v mediator in s-channel depending on dipole portal couplings d%,
dﬁ with k£ = e, u, 7, or via W mediator in ¢{-channel depending on electron neutrino dipole
portal coupling df;, in Eq. (26), respectively. With the subsequent decay channel N — v+ in
the detector, the signature of a single photon final state with missing energy can be searched
for at CEPC.

The 95% C.L. upper bounds on the neutrino dipole portal couplings dﬁ for the three lepton
flavors k = e, u, 7 at CEPC are shown in the upper, middle and lower panels of Fig. 75,
respectively. The four scenarios with assumptions of dyy = 0, dg = 0 and dy, = £2tanf,dp
are considered. The combination of the best constraints from four running modes at CEPC
with the total luminosity of 20 ab™! data in the Higgs-mode, 6 ab™' in the WWW-mode,
100 ab™! in the Z-mode, and 1 ab™! in the tf-mode is presented. For light sterile neutrino N,
the Z-mode has the best sensitivity in all four scenarios. One can see that depending on the
the ratio dyy/dp, the constraints on d,’j can be fairly different. While the current constraints
on d,’j from terrestrial experiments such as Borexino, Xenon-1T, CHARM-II, MiniBooNE,

LSND, NOMAD, and DONUT, and astrophysics supernovae SN 1987A [524], basically do
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FIG. 75: The expected 95% C.L. exclusion limits on active-sterile neutrino transition
magnetic moment dfj in four scenarios at CEPC (red lines), which are the combination of
the best constraints from four running modes at CEPC, for the three lepton flavors e
(upper), p (middle) and 7 (lower). The landscape of current leading constraints are also

shown with shaded regions. Figure from Ref. [523].

not dependent on the ratio dyy/dg, since the typical scattering energies are far less than the
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electroweak scale. The constraints from the monophoton searches at CEPC are in principle
different on df and on d" when dyy # 0, because there will be additional contributions from
W-mediator. In summary, CEPC can explore the previously unconstrained parameter region
and will greatly improve the limits on active-sterile neutrino transition magnetic moment

dﬁ compared to current experiments.

E. Neutral and doubly-charged scalars in seesaw models

Future lepton colliders can provide unique insight into the scalar sector of TeV scale
models for neutrino masses with local B — L symmetry. Our specific focus is on the TeV
scale LRSM [477, 478, 517], which naturally embeds this B — L symmetry. Due to mixing
with other scalars, the neutral scalar Hs from the right-handed triplet scalar Ag could
acquire sizable flavor violating couplings to the charged leptons. Produced on-shell or off-
shell at the planned eTe™ colliders, it would induce distinct lepton flavor violating (LFV)
signals like ete™ — éifjg (+H3) (o, B=e, u, 7), with the couplings probed up to ~ 1074
for a wide range of neutral scalar mass, which is well beyond the reach of current searches for
charged LFV [459]. Actually, the LFV signals induced a neutral scalar are quite general in
BSM scenarios [525], e.g. in supersymmetric models with leptonic Rparity violation, mirror
models, and two-Higgs doublet models, in addition to the LRSM. refs to be added

Here we summarize the main results for the neutral scalar H3 in the LRSM in Ref. [459].
The dominant production of Hs at an eTe™ collider can be categorized into the following

groups:

e Doubly-charged scalar portal: Through the fusion of the doubly-charged scalar pair
with the trilinear scalar interaction HsH™TH~~ [526], with the process ete™ —

e;;égHg.
e Gauge portal: Through the effective 1-loop coupling to diphoton vy — Hj, with
subleading contribution from ete™ — v* — vH3 and v*y* — Hj.

e SM Higgs portal: Through mixing with SM Higgs ete™ — Z* — ZHj.

e Heavy scalar portal: The LF'V couplings of H3 will induce various production modes,
like the on-shell production e*e™ — (v/Z)H3 and e*e™ — ((;{; /va¥s)H3 and the

Hj-mediated processes eTe™ — (7(; [525].
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There is one more channel for the production of Hjs, i.e. through its couplings with the
heavy RHNs. However, this channel is highly suppressed by the heavy-light neutrino mixing
angle.

The Yukawa couplings of the doubly-charged scalar H** to the charged leptons might
also be flavor-violating, which is correlated to the heavy right-handed neutrino masses and
mixings. With a combination of the pair, single and off-shell production of H** like e*e™ —
HYTH=—, H¥eTuT, u*77, the Yukawa couplings can be probed up to 1072 at future lepton
colliders, which is allowed by current lepton flavor data in a large region of parameter space.
For both the neutral and doubly-charged cases, the scalar masses could be probed up to the
few-TeV range in the off-shell channel.

The type-II seesaw mechanism with an isospin-triplet scalar A provides one of the
most compelling explanations for the observed smallness of neutrino masses [472, 527-531].
The triplet contains a doubly-charged component Hfi, which dominantly decays to either
same-sign dileptons or to a pair of W bosons, depending on the size of the triplet vacuum
expectation value. However, there exists a range of Yukawa couplings f; of the triplet to
the charged leptons, wherein a relatively light HLjEi tends to be long-lived, giving rise to
distinct displaced vertex signatures at the high-energy colliders [532-535]. We find that
the displaced vertex signals from the leptonic decays HLj[i — €§€§ could probe a broad
parameter space with 10719 < |fz| < 107 and 45.6 GeV < Mp++ 5 200 GeV at the high-
luminosity LHC. Similar sensitivity can also be achieved at a future 1 TeV ete™ collider.
The mass reach can be extended to about 500 GeV at a future 100 TeV proton-proton
collider. Similar conclusions apply for the right-handed triplet Hz= in the TeV-scale left-
right symmetric models, which provide a natural embedding of the type-II seesaw. More
details can be found in Ref. [535]. However, limited by the relatively low center-of-mass
energy, it is expected that the CEPC 240 GeV can only probe much smaller parameter
space of the doubly-charged scalar.

F. Connection to Leptogenesis and Dark Matter

Apart from the mysterious neutrino mass problem, there exists other well established evi-
dence beyond the SM, e.g. baryon asymmetry of the universe (BAU), DM, etc. An attractive

solution can accommodate the explanations of all three problems in one unified model, the
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Neutrino Minimal Standard Model (¥MSM) [500, 501]. In this model, three generations of
RHNs Nj 53, are added to the SM particle contents. These RHNs are all SM singlets, only
interacts with the SM components via the active-sterile mixing. Among them, the lightest
one N; has tiny Yukawa couplings, thus tiny masses, can be the DM candidate [536-540].
The two heavier particles Ny 3 are responsible for generating the observed active neutrino
masses via the aforementioned type-I seesaw mechanism. They also possess very similar
masses, closing to the EW scale, which can generate the asymmetry either via C' P-violating
RHN oscillations, or resonantly enhanced C'P asymmetry in RHN decay. Hence, the ob-
served BAU can be explained by leptogenesis via neutrino oscillations [501, 541] and resonant
leptogenesis [542-552].

In the vYMSM, the BAU is generated by “low scale” leptogenesis, since the mass scale
of RHNs is below 10° GeV, which is the Davidson-Ibrra bound implied by the ‘vanilla’
leptogenesis [553]. The “low scale” leptogenesis includes leptogenesis via neutrino oscillations
during freeze-in of the RHNs, and resonant leptogenesis during freeze-out [554, 555]. The
two mechanisms can be united by a unique set of quantum kinetic equations, as desibed in
Refs. [554, 555]. The viable parameter space of the model satisfying both the neutrino masses
and BAU problems is thoroughly studied, with the summary shown in Fig. 76 [556, 557]. The
two [554, 555] and three [556] RHN scenarios in the case of normal ordering (NO) of neutrino
masses, for both vanishing and thermal initial HNL abundances, are included. The shaded
region in gray is excluded by past experiments [490-494, 497, 498, 558-561], complemented
by the updated BBN bounds in light gray from Refs. [499, 562] and the lower bound from
the seesaw mechanism in darker gray. See Refs. [554-556] for details. The various colored
lines indicate existing [563-567] and future [208, 236, 269, 488, 489, 568-571] experiments
that will be able to probe the low-scale leptogenesis parameter space. As indicated in the
figure, the sensitivity of the CEPC, shown in light green, can be sensitive to the parameter
space where both seesaw and leptogenesis mechanisms are successful, no matter the number

of RHNs and the initial condition.

The DM relic density 2py can also be explained by accounting the lightest right-handed
neutrinos NV; as the DM candidate. In the vMSM, Qpy is only produced by mixing with
active neutrinos [572] [536-540, 573]. Sufficient production is generated if large lepton sym-
metry is generated at the low temperature of O(200) MeV [537, 538, 540, 574-578]. To
successfully reproduce Qpy, My, ~ O(1) keV and My, =~ My, 2 O(1) GeV [579]. More

~Y
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FIG. 76: Comparison of the ranges of the mixing angle U 3 consistent with both the seesaw
mechanism and leptogenesis as a function of HNL mass M for leptogenesis with two or
three HNL flavours in the case of NO, for both vanishing and thermal initial HNL
abundances. The shaded region in gray is excluded by existing limits. complemented by
the updated BBN bounds (light gray) and the lower bound from the seesaw mechanism
(darker gray) [554-556]. The colored lines indicate prospects at existing and future
experiments. Adapted from Ref. [557].

extended models, e.g. the left-right symmetric model, can also accommodate the origin of
BAU and DM [477]. The discussions of the connection between them in such models can be
found in Refs. [580, 581]. Such models have already been searched by (+MET signatures
at LHC [581], and can be tested at CEPC, for example via ete™ — NN processes medi-
ated by the Wg or Z’ boson. If My = O(1) GeV, same sign dilepton plus multiple jets
signatures are studied in Ref. [582], and displaced vertex signatures in Ref. [583], and can

be further extended by searching for monophoton signatures if the N is even more stable,

when My ~ O(1) keV to explain the DM.
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XI. MORE EXOTICS (YU, ZUOWEI)

Due to a vast number of new physics scenarios that couple to the SM electroweak and
lepton sectors, there is strong interest that exotic searches can benefit from the high lumi-
nosity at CEPC’s Z-pole and Higgs factory runs. High precision on the Z, h widths and
good reconstruction of the decay products offer powerful test of exotic processes, including
lepton number /flavor violation, sterile states, axion-like particles and many others. CEPC’s
low hadronic activity level helps to minimize the contamination from hadronic initial state
radiation, hence it enhances the potential to accurately identify signals that involve rela-
tively soft leptons, photons and jets. This section lists several dedicated studies that can
benefit from CEPC’s designed precision. In addition, several recent studies of spin-related
kinematical observables, such as transverse spin [584], quantum entanglement [585-587] |

etc., provide even more diversified avenues for the CEPC’s physics potential.

A. Axion-like particles

As a relaxation solution to the “strong-CP” problem, the Peccei-Quinn mechanism pre-
dicts the existence of the QCD axion [588-590], which develops a coupling with gauge bosons
at one loop level. The characteristic Chern-Simons term aF'F / fa leads to the generalization
toward axion like particles (ALPs), which can rise in many new physics scenarios that con-
tains the breaking of a global U(1) symmetry [591-594]. 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 extensively investigated. At fu-
ture lepton colliders, promising sensitivities to the effective ALP-photon coupling g,, can
be derived for the parameter g,,, for m, < 10 GeV [595]. Here we list the projected limits
from several recent ALP studies for the Higgs factory and higher-energy runs at the CEPC.

The ALP couplings to gauge boson read as

£ = _CBBEBMVBMV - CWWE

7 WL, Wi, (28)

where f, is the ALP’s decay constant. After electroweak symmetry breaking, the neutral

B, W? fields will be rotated into mass eigenstates 7, Z, and the conventional ALP couplings
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FIG. 77: The 95 C.L. exclusion regions on the ALP coupling g.,, as a function of M, for
the process ee™ — yyete™ at the 91 and 240 GeV runs of the CEPC.

to vy, WW, ZZ, Z~ are given by
ga'y’y = f—(CBBCw + CWWSw), GaWww = f_CWWa (29)

4
Gazz = f—(CBBSi, + CWWC?U)a Gazy = f—Swa(CWW — Cgp) .

Ref. [596] investigated the light-by-light scattering ete™ — ~vyete™ induced by ALP
exchange at the CEPC, and derived the production cross-section and expected CEPC sen-
sitivity reach for /s =91/240 GeV runs. The projected limits are shown in Fig. 77 .

Ref. [597] employed the processes ete™ — f*f~a, where f = e, u, v, and devised a set
of selection cuts to improve the signal-background ratio. The ALP is emitted by the gauge
boson in the internal line of the process. The emitted ALP subsequently decays as a — 7.
Fig. 78 illustrates the CEPC sensitivity reach the sensitivity reach for /s = 250 GeV with

an integrated luminosity of L = 2ab™', and the sensitivity can scale up by the sqrt of
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luminosity for 20 ab~!. The upcoming Higgs factories can improve the sensitivity from the
current constraints down to 2 x 1074 GeV ™" for m, = 0.1 — 6 GeV. See Ref. [597] for details
of the study.
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FIG. 78: Summary plot of the sensitivity of g4, that we can achieve at the Higgs factory
v/ = 250 GeV with an integrated luminosity 2 ab=!. Other existing constraints are shown for

comparison.

In light of an electroweak-violating scenario, Ref. [598] studied a four-point interaction
denoted as W-f-v-a, a coupling not reliant on the electron mass. This channel provides
an opportunity to explore electrophilic ALPs (eALPs) at the GeV scale. In this work,
a novel t-channel process was investigated: ete”™ — v.a,, which involves the W-f-v-a
four-point interaction with effective coupling €!/A. This process exhibits significant energy
enhancement behaviors in its cross-sections as collision energy increases [599]. For GeV-scale
eALPs, their primary decay mode involves a photon pair, induced by the chiral anomaly,

rather than an electron-positron pair. Consequently, the characteristic signal signature for
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FIG. 79: Future bounds on the coupling ¢ /A of eALPs from CEPC with £ = 5ab™!
within 95% confidence level or with a requirement of at least 10 survival events for
background-free cases (dashed lines for the eALP prompt decay and dotted lines for the
eALP as a long-lived particle) as well as existing bounds (bulk regions). The labels ”2~”
and ”.J,” identify two distinct signatures at CEPC. By, < 107° represents
B(W#* — (*va) < 107° [598] (solid-black line). Other collider bounds are presented for

comparison, see Ref. [599] and references therein.

this ¢-channel process consists of a photon pair accompanied by missing energy. Depending
on the mass and decay width of the eALPs, the final state can manifest as either two isolated
photons (27), a photon-jet (J,), or a displaced .J,. The analysis indicated that the potential
future bounds on the coupling ¢2/A can be as stringent as 0.1 — 1.0 TeV~! for 1 GeV
<my < My, at CEPC with £ = 5ab™! and /s = 240 GeV. These constraints are depicted

~Y

in Fig. 79.

B. Lepton form factors

The ete™ collisions at CEPC offer high luminosity in photon-mediated processes, hence

provides a unique opportunity to measure photon-lepton interactions. Leptons’ effective
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electromagnetic vertices have long been a popular topic with high-energy lepton collisions,
as measurements of the lepton-photon coupling above pair-production threshold or at the

weak scale can be interpreted into probes of BSM theory that can modify such form factors.

1. General remarks on p/e g-2

Muon/electron g — 2 measurements can serve as important probes for new physics be-
yond the SM. It has been known for a long time that the theoretical prediction of the muon
anomalous magnetic moment a, = (g — 2),/2 for SM has subtle deviations from the exper-
imental values. Combining the recent reported FNAL muon g — 2 measurement with the
previous BNL+FNAL results, the updated world average experimental value of a, has a
5.10 deviation from the SM predictions by comparing to the latest experimental result with
prediction from the theory white paper [600]. Besides, the SM prediction on electron g — 2
also has a 2.40/1.60 deviation using *3C's/*"Rb [601, 602] atoms experimental data with
negative/positive central value. However this picture is complicated by recent lattice re-
sults for the hadronic vacuum polarisation (HVP) contributions to the anomalous moment.
The only lattice result with a comparable uncertainty comes from the BMW collaboration
[603] and it disagrees significantly with the data-driven estimate. Using the lattice value
instead would reduce the deviation to about 1.7¢. This result is also supported by recent
lattice comparing to the BMW result [604]. A comparison of different lattice results and the
data-driven approach [605] gives a 3.80 tension between the data-driven estimate and the
lattice QCD estimates. As a result, the discrepancy between the data-driven estimates and
the lattice QCD calculations still needs to be settled before unambiguously calling out for
new physics. However new physics explanations of the deviation between the theory white
paper prediction and the measured value [606] also make predictions that can be tested at
the future colliders, such as the CEPC.

The generic new physics contributions to muon g-2 is expected to scale as

m2

BSM
ACLM ~ CBSM M2 s
BSM

(30)
where Mpggy is the mass of the new physics particles in the loop and Cggy is a loop suppressed
coefficient. This means that without some special enhancement the mass scale of the new

physics should be < 200 — 300 GeV for perturbative new physics explanations. This is
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FIG. 80: A simple model with a new scalar and and a new fermion. The color-coding
shows the minimal value of the coupling to right handed muons to explain muon g-2.
Outside of this colored region, muon g-2 cannot be explained within 1o. The shaded grey
region shows LHC exclusions and the shaded orange region is excluded by compressed

spectra. The shaded blue region (top left) is excluded due to a charged stable particle.
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illustrated for simple model with a new scalar and a new fermion in Fig. 80, where the
colour contours show the minimum value of the coupling to right handed muons required to
explain muon g — 2, and anything outside that region cannot explain muon g — 2 within 1o.

LHC has already excluded many such scenarios. However, there can be gaps in the
exclusion from compressed spectra (as shown in 80) and it has been shown, for example,
that constraints on light new electroweakinos are not very robust [607]. Therefore, it still
opens up the possibility of directly producing the states at future colliders. On the other
hand, an elegant solution to the tension between the LHC and muon g-2 comes in the form
of a chirality flipping enhancement, see Ref. [606] for a recent review. In Eq. 30, one
factor of m,, appears because of the dipole operator flips the fermion chirality, thus a muon
mass insertion exist on one of the external legs. If this chirality flip can instead be done
inside the new loop diagram from new physics, then the muon mass will be replaced with
a mass or parameter from the new physics that can be much larger. This chirality flipping
enhancement is automatically present in supersymmetric extensions, as well as in non-SUSY
models such as scalar leptoquarks and vector-leptoquarks, which alleviates this tension also
makes it easier to construct simultaneous explanations of dark matter and muon g-2. New
physics contribution to muon g-2 typically also implies large corrections to the self energy
of the muon. This leads to a fine tuning in the muon mass if the masses much heavier than
O(1TeV) [606]. Furthermore, this also implies an enhanced Yukawa coupling which means
that precision measurements of h — pu*p~ at the future colliders such as the CEPC could
either exclude these explanations or give rise to a discovery level deviation from the standard

model [608].

2. /e dipole moments in SUSY

As a popular BSM scenario, SUSY contributes to muon g — 2 mostly via the chargino-
sneutrino and the neutralino-smuon loops, which always need light electroweakinos and
sleptons to explain the anomaly. However, such requirements potentially have tensions with
the observed 125e GeV Higgs mass and LHC exclusion bounds, which in general prefer heavy
colored sparticles. Weak scale phenomenological MSSM needs intricate parameter regions
to survive the current LHC, dark matter and Higgs mass bounds, and can give a sizable

contribution to muon/electron g — 2 and at the same time.
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Studies of the gluino-SUGRA, the anomaly mediated SUSY breaking (AMSB) mod-
els [609-611] and the gauge/Yukawa mediated SUSY breaking models [612] indicate that it
is challenging yet possible to explain both e and p anomalies in a unified SUSY framework.
This is because without any flavor violation in the lepton sector, new physics contributions
to the lepton g — 2 are in general scaled with the corresponding lepton mass-square. Such a
scaling relation can still explain the electron g — 2 anomaly in 20 range for positive central
value electron g — 2 experimental data when the muon g — 2 anomaly is explained in lo
range.

Generalized gravity mediation models always adopt various universal boundary conditions
at the GUT scale. Given the stringent constraints on the first two generation squarks by
LHC and the stop masses by the 125 GeV Higgs, the mSUGRA slepton masses can not
be light at the EW scale with universal sfermion mass inputs at the GUT scale. Thus,
it is challenging to explain the muon g — 2 anomaly within the frame work of GUT-scale
constrained SUSY, especially the mSUGRA [320].

Gluino-SUGRA (gSUGRA) [613] is an economical extension of mSUGRA | and it is a
special case of non-universal gaugino mass realization at GUT scale. In gSUGRA the gluino
mass can be much heavier than other gauginos and sfermions at the unification scale, hence
the gaugino masses ratios at the EW scale will no longer constrain the electroweakino masses
for a heavy gluino mass. The sleptons, which carry no color charge, will stay light. So, the
RGE evolution will split the squark masses from slepton masses at the electroweak scale,
which is needed for the muon g — 2. Ref. [614] showed that with M; = M, at the GUT
scale and a viable bino-like dark matter, gSUGRA can explain the muon g — 2 anomaly
at 1o level and be consistent with the updated LHC constraints. In this case, a light stau
is needed for co-annihilation, and it is possible that the mild mass splittings between the
first two generations of sleptons and Y9 will lead to energetic lepton final states so that they
can be tested at CEPC. It is also possible to connect the g — 2 explanation to neutrino

masses [615].

3. T weak-electric dipole moments

Electric dipole moments (EDM) and weak electric dipole moments (WDM) of fundamen-

tal fermions are important targets of experimental search for new physics, in particular for
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CP-violation beyond the Kobayashi-Maskawa mechanism. Any experimental observation
of a nonzero value of an EDM (d) and/or WDM (d%) for a lepton would be a smoking-
gun evidence of non-SM sources of CP-violation, because the (loop-induced) SM contribu-
tions to these quantities for leptons are extremely small[616-618]. While d, can probed
via eTe” — 7777 at energies much lower than the Z-boson mass, such as at Y(4S) in
BELLE [619, 620], the optimal measurement of d¥ should be the 7-pair production at the
Z resonance.

To date, the best results are from LEP by measuring the transverse and normal 7-lepton

polarizations [621, 622], which gave the limits on the real and imaginary parts [623-625]:

Re[d”] = (—0.65 & 1.49) x 10~ e cm,
Im[d®”] = (0.04 £0.38) x 10~ ecm. (31)

The large amount of 777~ pairs during the planned Tera-Z mode of CEPC, along with
an improved 7-reconstruction efficiency, will be able to test d¥ to a precision significantly
higher than existing bounds.

Ref. [626] performed an exploratory study of the potential of CEPC for the measure-
ments of d¥, using both simple and optimal CP-violation observables[627-629], albeit with
a particular emphasis on the latter due to its clear advantage over the former. In this work,
ete” — 7777 is considered exactly at the Z-resonance with the leading order SM couplings.
d¥ is included through an effective Z77-vertex followed by 7-decays, taking into account
all spin-correlation effects. Assuming 1.38 x 10! 7-pairs collected at the Z-resonance, we
obtain the 1 s.d. statistical uncertainties in dRe[d¥] and 6Im[d¥] are obtained, using both
the simple observables Tjs, ng, Qs33, Qgg where only one-prong decays of 7% are included,
and the optimal observables Og, O; that use the purely semi-hadronic decays of 7%. The

analysis results are as given in Table X (see Ref. [626] for more details).

TABLE X: Ideal 1 s.d. statistical errors on Re[d¥] and Im[dY].

0Re[d¥] [e cm] 0Im[d¥] [e cm]
(T33) (Ts3) (Or) (Q33) (Q33) (Or)
34x1072134%x10721 14 x10721(3.2x 10719 4.0 x 10720 2.1 x 10~2L

These numbers show that the CEPC sensitivity on d¥ can reach the level of 1072 e cm
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using O and Oy, far better than the current best bounds [623, 625] quoted above. This is
sufficient to be sensitive to certain beyond-SM models that predict values for d of the order
107" ecm (see, e.g. [630, 631]). In particular, the sensitivity to Re[d¥] is improved by more
than a factor two with O as compared to using the simple ones, whereas the sensitivity to
Im[d¥] is improved by more than a factor ten, despite the restriction to purely semi-hadronic
7% decay channels. In perspective, a more refined analysis will take SM radiative corrections

into account, such as Z~-interference etc., on top of the exploratory study above.

C. Emergent Hadron Mass

It is common to regard the Higgs boson (HB) as the origin of mass within the Standard
Model of particle physics (SM). Certainly, the Higgs (or something like it) is a mecha-
nism that contributes to our understanding of the origin of mass of subatomic particles.
Such Higgs couplings into quantum electrodynamics (QED) and quantum chromodynamics
(QCD) produce the electron mass, m, = 0.511 MeV, and the quark current masses, amongst
them the light u (up) and d (down) quarks: m, ~ 4m. ~ 2.2MeV, my ~ 2m,. These
particles combine to form the hydrogen atom, the most abundant element in the Universe,
whose mass is 939 MeV. Somehow one electron, two u quarks and one d quark, with a total
Higgs-generated mass of ~ 13m, ~ 6.6 MeV, combine to form an object whose mass is 140-
times greater. Plainly, Nature must have another, very effective mass generating mechanism,
which is now identified as emergent hadron mass (EHM) [632, 633].

Detailed pictures of the proton and B-meson mass budgets are drawn in Fig. 81. There
are striking contrasts between the breakdowns into EHM, EHM-+HB, and HB contributions.
Modern science must discover and explain the source of these remarkable differences.

Contemporary theory explains EHM as the consequence of the dynamical generation of
a gluon mass scale in QCD [634, 635]. This is mass from nothing: the SM massless gluon
parton becomes a massive quasiparticle owing to self-interactions. The existence of such
a mass entails that the QCD running coupling has a stable infrared completion, remaining
finite at all energy scales, from the deep ultraviolet into the far infrared [636, 637]. Together,
these phenomena explain the character of mass in the matter sector of strong interactions
(632, 633]. Such extraordinary predictions require empirical verification.

An open road toward validation is provided by the study of semileptonic weak-interaction
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transitions between heavy and light hadrons. In fact, heavy pseudoscalar meson to light pseu-
doscalar meson transitions serve to probe the relative impacts of the strength of EHM+HB
interference in the initial and final states, whereas heavy-pseudoscalar to light-vector me-
son transitions overlap systems in which HB mass is dominant with those whose mass owes
almost entirely to EHM. Both classes of transitions, therefore, and analogues involving
baryons, present excellent opportunities for exposing the character of EHM and its interfer-
ence with HB effects in order to identify the source of visible mass and its impact on physical
observables. These cases are of heightened interest, of course, because the transitions have
long been used to place constraints on the values of the elements of the Cabibbo-Kobayashi—
Maskawa (CKM) matrix, which parameterized quark flavour mixing in the SM. Furthermore,
confronting measurements of transitions with different leptons in the final state with sound
theoretical predictions can shine bright light onto the question of LFU. Searches for vio-
lations of CKM matrix unitarity and/or LFU are principal tools in the hunt for physics
beyond the SM. Modern theory is capable of delivering robust predictions for all hadron
structure factors necessary for the sound SM prediction of such transitions [638, 639].
Studying the evolution of hadron properties with quark current mass, i.e., the strength
of HB couplings into QCD, provides a clear window onto constructive interference between
Nature’s two sources of mass. This is a new feature of flavour physics, which adds enormously
to its role in searching for physics beyond the SM. Here, the circular electron-positron collider
(CEPC) can play a decisive role. It will deliver copious numbers of hadrons containing heavy
quarks. Exploiting this capacity, the CEPC can play a key role in exposing the origin and

character of mass.

D. Exotic lepton mass models

To a certain level of precision, the SM-charged lepton masses seem to satisfy the so-called

Koide formula:
Me + My, +m; 2

(Ve + i+ i)' 8
proposed in early 1980’s [640-642], exhibits a great consistency with the current experimental
data. The Koide’s character K calculated from the PDG 2022 data of charged lepton
masses [643] is K = (2/3) x (0.999991 £ 0.000011), which agrees with the Koide formula

(32)

within 107 precision and within one sigma error. On the other hand, taking K = 2/3
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FIG. 81: Poincaré-invariant decompositions of hadron masses: (A) proton; (B) B-meson.
Emergent hadron mass (EHM) is the source of 94% of the proton mass; by itself, the Higgs
boson (HB) accounts for just 1%; and the remaining 5% is generated by constructive
EHM+HB interference. In stark contrast, EHM alone produces none of the B-meson mass.
Instead, the Higgs is responsible for 79%; yet, there is a sizeable EHM+HB interference

term. (See Refs. [632, 633] for details.)
(®) (H) (®)

—----X

Iy, €R

FIG. 82: A Feynman diagram which generates the charged lepton mass matrix. Plain lines
represent the Standard Model charged leptons. Double lines represent heavy fermions.

Dashed lines represent Higgs tadpoles as labeled.

as an input and using the measured electron and muon masses with high precision, the
tau mass is predicted to be m, = 1776.969027 + 0.000036 MeV /c?. It agrees with the
PDG 2022 data m, = 1776.86 + 0.12 MeV/c* and the Belle IT 2023 result [644] m, =
1777.09 +0.08 £ 0.11 MeV /c? within one sigma error. Similar empirical formulas have been
proposed for quark and neutrino masses, but none of them is as convincing as in the charged
lepton sector. Although the Koide formula is often considered as a coincidence, its high
precision verification by experimental data may indicate a sign of new physics.

Proposals to explain the physical origin of the Koide formula include the Froggatt-Nielsen
model [645], the seesaw-type model [646] and the supersymmetric Yukawaon model [647].

The key idea is to express the charged lepton mass matrix as M o (®P®), where & is
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a Hermitian nonet scalar field in the 3 ® 3* = 8 @ 1 representation of the SU(3) flavor
symmetry. In the the Froggatt-Nielsen model or the seesaw-type model, the charged leptons
couple to new fermions with a heavy mass mp through Yukawa couplings involving &.
Diagrams similar to Figure 82 generates a seesaw type mass matrix M oc (H®®)/m%. In
the Yukawaon model, the Standard Model Yukawa coupling terms for leptons are replaced

by dimension-five operators:
£ = —yXOz’LYHeR the, (33)

where Y is a flavor nonet scalar field called the Yukawaon. In a supersymmetric model with
the superpotential

W=pnpTr(YA)+ ATr (®DA), (34)

where A is another flavor nonet scalar field, the F-term equations for A gives (Y) o (9®)
and thus M oc (®P) after electroweak symmetry breaking. Any of these models give
K = Tr(®®)/(Tr(®))?. Then a superpotential for ® is build through symmetry consid-
erations [648, 649], and the F-term equations may set the vacuum expectation value of @
which leads to K = 2/3.

The future collider measurement of lepton masses, especially the tau lepton mass, will
verify the Koide formula with high precision. New physics models explaining the origin
of the formula can be tested in lepton channels of Higgs decay measurements on future

colliders, as well as from extra scalar/Higgs searches.

E. Spin entanglement

Recently, studies on quantum entanglement in the high energy regime have gained signif-
icant momentum. At colliders, reconstruction of the final-state particle helicity state offers
an observation window on spin entanglement at energies much higher than that in optics
laboratories. As a benchmark of spin entanglement, the test of the Bell inequality is of
primary interest. It delivers a direct justification if Quantum Mechanics (QM) is a complete
local theory and shows the contradiction of the local hidden variable theory (LHVT) with
QM [650-652]. As the Higgs boson is the only spin-0 elementary particle in the Standard
Model (SM), it offers a natural spin singlet state to test LHVT. The decay of the Higgs

boson into two spin-1/2 particles provides an ideal system to reveal quantum entanglement
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and Bell inequality violation at high energies. In Ref. [653], it is proposed to test the Bell in-
equality through the Higgsstrahlung process ete™ — Zh at the CEPC.Two realistic methods
of testing Bell inequality, i.e., Térnqvist’s method [654] and the Clauser, Horne, Shimony
and Holt (CHSH) inequality [655] are studied in terms of the polarization correlation in
decay chain h — 777~ — 7ti.m v,. We use the method of impact parameters for the
reconstruction of 7 lepton in our detector-level simulation and consider both the hadronic
and leptonic decay modes of Z boson.

The experimental sensitivity of CEPC for the Tornqvist’s approach is studied by defining
the following asymmetric observable

N(cosOrr < 0) — N(cosblrr >0)

A= N(cosbrr < 0) 4+ N(co8b0rr > 0)’

(35)

where cos 0, = Pr- -« Prt /(|Pr-||Pr+]) in the Higgs rest frame. Fig. 83 shows the distribution
of cosf,, and the LHVT holds between the two dashed lines. The analytical prediction of
the observable gives an upper bound A = 0.119 in LHVT. From the simulation results of
SM expectation, we obtain A = 0.133 4+ 0.269 for Z — ¢¢ channel and A = 0.137 £ 0.1 for
Z — jj channel, respectively, as listed in Table XI. Smaller uncertainties can be obtained
with A = 0.133 £ 0.142 or A = 0.137 £ 0.053 for updated luminosity £ = 20 ab™'. In the
CHSH approach, the LHVT supports the fact that the sum of the two largest eigenvalues
(denoted by my 4+ my) of the matrix U = CTC with C being the spin correlation matrix
is not larger than 1. It turns out that both channels lead to m; + mo > 1, as listed in
Table XI. For both the Tornqvist’s and CHSH approaches, the Bell inequality can be tested
below 1o level at the CEPC. It is expected that the sensitivity can be further improved by
using sophisticated jet reconstruction method and enhanced 7-jet identification efficiency.
Ref. [656] has studied quantum entanglement properties of the rare Higgs boson three-
body decays into v and dileptons within the context of the Standard Model, with electroweak
1-loop corrections included. Novel observables for these three-body decay are presented for
the analysis of three lepton families (I = e, u, 7), with each family analyzed separately since
they lead to different experimental channels and the 1-loop contribution dominates different
energy regimes in each case. Hence, they offer a unique opportunity to examine quantum
correlations, between the spin degrees of freedom of the final state particles, arising at next-
to-leading-order in perturbation theory for 3-qubit systems. The Higgs boson is the only

spin-0 elementary particle in the SM and its properties will be measured to high precision
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FIG. 83: Reconstructed distributions of cos 6., for Tornqvist’s test of Bell inequality. The
gray-fitted region is the phase space consistent with classical prediction. The simulation
results after using the method of impact parameters are represented by the red and blue

histograms for hadronic and leptonic decay modes of Z boson, respectively.

at the ‘Higgs factory’ run of the Circular Electron Positron Collider (CEPC). Concretely,
the dominant production mode corresponds to e et — ZH and this future collider could
improve the measurement accuracy of the spin correlation of the final decay products.

Based on the concurrence and Bell operator definitions for tripartite systems, the goal
was to identify regions of the phase-space where the final particles are entangled after the
Higgs boson decay and to determine the feasibility of testing non-locality under these kine-
matical configurations. For the three-body final state, various entanglement measures were
computed, including one-to-other and one-to-one concurrences, the conditions for genuine
entanglement of 3-qubit systems using the concurrence vector, the area of the concurrence
triangle (F3) and the three-tangle measure. Regarding the Bell non-locality, both Mermin
(M3) and Svetlichny operators for 3-qubit systems were computed. Moreover, post-decay
entanglement and auto-distillation phenomena for a dilepton invariant mass close to the
Z-pole mass were analyzed.

It is found that the final photon, lepton, and antilepton result entangled after the Higgs
boson decay since F3 is non-vanishing, as can be seen from the first row of Fig. 84. This also

holds by considering the one-to-one and one-to-other concurrences of the subsystems among
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FIG. 84: Dalitz plot representation for genuine multipartite entanglement (first row) and
Bell non-locality (second row) quantifiers within the SM for Higgs boson’s h — (117~
decays. | = e, u, 7 are shown in the left, middle and right columns, respectively. The

Mandelstam variables ¢ and u correspond to the subsystems photon-lepton and

photon-anitlepton.

them. The amount of entanglement depends on the final state kinematical configuration
and maximally entangled subsystems appear in certain regions of the phase-space (red re-
gions where F3 ~ 1). Concerning the Bell non-locality (second row of Fig. 84), predictions
incompatible with local realism (2 < M3 < 4) were obtained in the whole phase-space,
except for a few particular configurations, suggesting that H — Il could serve as an ideal
laboratory for testing Bell inequality. On the other hand, CP-violating interactions in the
Yukawa sector are suppressed by lepton masses, thus less powerful for such kind of new
physics. Furthermore, a natural multipartite extension is to consider the four-fermion Higgs

decays, constituting a 4-qubit system.
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Channels Observable LHVT CEPC @5.6 ab~' CEPC @20 ab™!

A <0.119 0.133 =0.269 0.133 £0.142

Z —
my + ma <1 1.04 £0.921 1.04 £ 0.481
A <0.119 0.137 £0.1 0.137 £0.053

Z — 33
my + ma <1 1.05 £ 0.355 1.05 £ 0.188

TABLE XI: The results of observables testing the Bell inequality in Toérnqvist’s method
and the CHSH approach. The experimental predictions are given for the CEPC with
colliding energy /s = 240 GeV and total luminosities 5.6 ab™! and 20 ab™ .

XII. GLOBAL FITS (JIAYIN, YANG, YONG DU)

Global fits are an essential tool when it comes to obtaining a thorough understanding of
a new physics model. They offer a comprehensive analysis by considering a wide range of
experimental data. With global fits, we can extract the maximum amount of information
possible from these datasets. The primary advantage of global fits is their ability to evaluate
and compare the validity of different models. By exploring a variety of model parameters,
they can identify the range of values that are most likely or have the highest posterior
probability. This, in turn, helps us comprehend the implications and predictions of the
models for future searches and experiments.

In this section, we will discuss the latest research findings regarding the impact of the

CEPC on the global fit analysis for SMEFT, 2HDMs, and various SUSY models.

A. SMEFT global fits

As a Higgs factory, CEPC is expected to improve significantly the SMEFT global analysis
due to its high energy and luminosity. Ref.[657] performed a detailed global study on
electroweak and Higgs physics, semi-leptonic and pure leptonic 4-fermion operators using
the latest CEPC projections. The results are reproduced and shown in figures 85-88 by

working in the most general flavor scenario. The central values of the Wilson coefficients
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in each plot are assumed to be aligned with the SM predictions, and only the 1o relative
uncertainties are shown for the LHC, HL-LHC, and CEPC with the center of mass energy
Vs = 240(360) GeV and the integrated luminosity £ = 20(1)ab™'. Figure 85 clearly
shows that CEPC can improve the Higgs couplings by a factor of a few, or even orders of
magnitude as can be seen, for example, for the triple gauge couplings dgy,z, 0k, and Az.
The sensitivity reach of CEPC to leptonic electroweak vertices can be generically reduced
down below the unprecedented 10~ level as shown in the first row of figure 86, thanks to
the high-luminosity of CEPC and radiative return to the Z pole from initial state radiation.
The corresponding sensitivity to the hadronic electroweak vertices can also be improved by
a few, or even an order of magnitude better as for 592 LR for instance. For the 4-fermion
operators, CEPC can generically reduce the current uncertainties, as shown explicitly in
figures 87-88. In particular, for the semi-leptonic operators, the global fit results with the
inclusion of CEPC can be improved by O(10 ~ 10?) for the 2nd and 3rd generation quarks
due to tagging efficiencies of heavy quarks at CEPC. In summary, CEPC can dramatically
increase the sensitivity to Higgs, electroweak, and 4-fermion operators thanks to its high
energy and luminosity, and as a result, enhancing its ability in discovering new physics that

could show up in either the Higgs, electroweak, or the 4-fermion sector.

B. 2HDM global fits (Tao Han, Shufang Su, Wei Su, Yongcheng Wu)

While all the indications from the current particle physics measurements seem to confirm
the validity of the Standard Model (SM) up to the electroweak scale of a few hundreds
GeV, and the observed Higgs boson is SM-like, there are compelling arguments, both from
theoretical and observational points of view, in favor of the existence of new physics beyond
the SM (BSM). As such, searching for new Higgs bosons would be of high priority since they
are present in many extensions of theories beyond the SM. One of the most straightforward,
but well-motivated extensions is the two Higgs doublet model (2HDM) [658], . There are
five massive spin-zero states in the spectrum (h, H°, A%, H*) after the electroweak symmetry
breaking.

Complementary to the direct searches, precision measurements of SM parameters and
the Higgs properties could lead to relevant insights on new physics. High precision achieved

at future Higgs factories with about 106 Higgs bosons, and possible Z pole measurements
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FIG. 85: 1o relative uncertainties on the SMEFT operators as shown along the horizontal
axis from a global analysis of the Higgs couplings. The light bars are obtained by taking
the total Higgs decay width I'y as a free parameter, and the dark bars those with a

constrained I'y.

with 10'° — 10'? Z bosons [4, 519, 659, 660] would hopefully shed light on the new physics
associated with the electroweak sector. To take advantage of these precisions [513, 661], we
make a global fit to explore their abilities of detecting new particles and constraining model

parameter space.

There is a plethora of articles in the literature to study the effects of the heavy Higgs
states on the Higgs couplings in Models with extended Higgs sector [513, 658, 661]. In
2HDM, identifying the light CP-even Higgs h to be the experimentally observed 125 GeV
Higgs, the couplings of h to the SM fermions and gauge bosons receive two contributions:
tree-level values, which are controlled by the mixing angles a of the CP-even Higgses and
tan 8, ratios of the vacuum expectation values of two Higgses: tanf = wvy/vy, and loop

contributions with heavy Higgses running in the loop.

With a global fit to the Higgs rate measurements at the LHC as well as the CEPC,

assuming that no deviation to the SM values is observed at future measurements, the 95%
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FIG. 86: Same as figure 85 but for the electroweak V f f vertices with the first row

representing the leptonic ones and the bottom row the hadronic ones.

C.L. region in the cos(f — «) vs. tan 3 plane for various types of 2HDM (depending on how
the two Higgs doublets are coupled to the quark and lepton sectors) are shown in Figure 89
for tree-level only effects. cos(f — «) in all four types are tightly constrained at both small
and large values of tan /3, except for Type-I (Ref. [513]), in which constraints are relaxed at

large tan 8 due to suppressed Yukawa couplings.

To fully explore the Higgs factory potential in search for new physics beyond the SM,
both the tree-level deviation and loop corrections need to be considered. The right panel of
Figure 89 shows the 95% C.L. global fit results to all CEPC Higgs rate measurements in the
Type-1I 2HDM parameter space, including both tree level and loop corrections. Degenerate
Heavy Higgs masses my = my = mpy+ = mg are assumed such that Z-pole precision
measurements are automatically satisfied. Black, red, blue and green curves are for model

parameter v Av? = \/mé —m3y/sacs = 0, 100, 200, and 300 GeV, respectively. The tree-

level only global fit results are shown by the dashed black lines for comparison. |cos(5 — )|
is typically constrained to be less than about 0.008 for tan 8 ~ 1. For smaller and larger

values of tan /3, the allowed range of cos( — «) is greatly reduced. Loop effects from heavy
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FIG. 88: Same as figure 85 but for the 4-leptonic operators.

Higgses tilt the value of cos(f — «) towards negative, especially in the large tan 5 region.
Going beyond the degenerate mass case, both the Higgs and Z-pole precision variables are

sensitive to the mass splittings between the charged Higgs and the neutral ones. Figure 90

shows the 95% C.L. range of Amy = my — my vs. Ame = myg+ — my plane, for Higgs

and Z-pole precision constraints individually in (left panel), and combined constraints (right
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FIG. 89: The allowed region in the plane of cos(5 — a)-tan 5 at 95% C.L. for the Type-II
of 2HDM, given LHC and CEPC Higgs precision measurements at tree level(left) and loop
level under CEPC (right). For the tree-left global fit, the special “arm” regions for the
Type-II is the wrong-sign Yukawa region. The right panel shows the parameter space
varying the value Vw2 with m A=myg =mpgt = mg = 600 GeV. The tree-level only
global fit results are shown by the dashed black lines for comparison. More details are

shown in Ref. [513].

panel), with my = 600 GeV and VA2 = 300 GeV. For the Higgs precision fit, the alignment
limit (blue curve) leads to both Amy4 and Ame around 0 within a few hundred GeV range.
Even for small deviation away from the alignment limit, Am 4 is constrained to be positive
for cos(f — a) = 0.007, and negative for cos(f — «) = —0.007. The Z pole precision
measurements (shown in region enclosed by blue dashed curves) constrain either Ameg ~ 0
or Ame ~ Amy, equivalent to mpy+ ~ mpy 4. Combining both the Higgs and Z pole
precisions (right panel), the range of Amy ¢ are further constrained to a narrower range.
The expected accuracies at the Z-pole and at a Higgs factory are quite complementary in
constraining heavy Higgs mass splittings.

In this section, we presented the results for the impactsof the precision measurements of
the SM parameters at the proposed Z-factories and Higgs factories on the extended Higgs
sector of 2HDM. For the tree-level 2HDM, |cos(8 — «)| can be restricted 0.008. When
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FIG. 90: Three-parameter fitting 95% C.L. range of Am 4 - Am¢ plane, focusing on the
cos(f — «v) dependence (given by different colored lines), for Higgs and Z-pole precision
constraints individually (left panel), and combined constraints (right panel) in the Type-1I

2HDM. More details are shown in Ref. [661].

including the loop effects, CEPC precision can give lower bound on non-SM Higgs masses,
as well as their splitting. Combining the Higgs and Z-pole precisions, the typical heavy
Higgs mass splitting is constrained to be less than about 200 GeV.

C. SUSY global fits

It is shown in Sec. VII that the direct searches for sparticles at electron-positron colliders
are restricted by collision energy. However, the high precision measurements of the Higgs and
electroweak (EW) sector can significantly affect the global fit of SUSY models. Ref. [662]
shown that conducting a global fit solely based on precise Higgs measurements at future
Higgs factories could potentially raise the lower bound of the SUSY scale above TeV, for
small values of tan 5.

Ref [329] performed several comprehensive global fits by combining Higgs measurements
at CEPC with existing experimental data, using data provided by the GAMBIT commu-

nity [663-665], for four supersymmetric models:
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FIG. 91: One-dimensional profiled likelihood ratio for the global fit of the CMSSM,
NUHMI1, NUHM2, and MSSM7 models, using the present experimental data (left parts)

and considering additional CEPC measurements (right parts).
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e CMSSM (Constrained Minimal Supersymmetric Standard Model). Inspired by scenar-
ios where SUSY breaking is transmitted through supergravity interactions, the soft
mass parameters at the Grand Unified Theory (GUT) scale are set to a universal scalar
mass 1, a universal gaugino mass m;s, and a universal trilinear couping Ag. The
Higgs sector has two remaining free parameters defined at the scale mz: the ratio of
the vacuum expectation values of the two Higgs doublets, tan 5 = v, /vy and the sign

of u.

e NUHM1 (Non-Universal Higgs Mass 1). The GUT-scale constraint on the soft scalar
Higgs masses is relaxed by introducing an additional free parameter myg . The soft
Higgs masses my, and my, are not set equal to mg, but instead obey the relation

mm, = mp, = mpg at the GUT scale.

e NUHM2 (Non-Universal Higgs Mass 2). The constraint on the soft Higgs masses
is further relaxed so that mpy, and mpy, become independent, real, dimension-one

parameters at the GUT scale.

e MSSM7 (seven-dimensional phenomenological MSSM). All the input parameters are
defined at an energy near the electroweak scale. Inspired by GUT scale gaugino
mass universality, the gaugino masses satisfy 3/5 cos? Oy M; = sin? Oy My = o Jas Ms.
All entries in A,, Ay and A, are assumed to be zero except for (A,)ss = A,, and
(Aq)ss = Agy. All of the off-diagonal entries in mg, mZ, mj, m} and m? to be
zero, so as to suppress flavour-changing neutral currents. By setting all remaining
mass matrix entries to a universal squared sfermion mass m?g, the final list of free

parameters contains My, A,,, A4, m* m%{u, m%ld and tan 8 (plus the input scale @

and the sign of pu). f
Beside precise Higgs measurements at future Higgs factories, the likelihood functions include
a number of direct and indirect dark matter searches, a large collection of electroweak
precision and flavour observables, direct searches for supersymmetry at the LEP and Runs
I and II of the LHC, and constraints from Higgs observables.
Fig. 91 shows the profile likelihoods with and without the additional likelihood for the
Higgs measurements at CEPC. Here, the central values of measurements at the CEPC are

assumed to be the same as those predicted by the best-fit point of each model, because
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GAMBIT employed advanced sampling methods, resulting in a majority of samples being
clustered around the best-fit point. The theoretical uncertainties utilized in the likelihood
functions are scaled to be 0.2 times smaller than the current theoretical uncertainties of
the SM Higgs. It is evident that a significant portion of the parameter region favored by
the current constraints is disallowed when considering the precise Higgs measurements ob-
tained from the CEPC. The preferred regions of the parameter space undergo a noticeable
reduction in size, converging closer to the best-fit point. Consequently, the additional mea-
surements from the CEPC hold the potential to differentiate between various dark matter
annihilation mechanisms present in the models, as well as provide insights into the signs
of the p parameter. Comparing the results across different models, the constraints placed
on the model parameters tend to be weaker in models characterized by a larger number of
input parameters, i.e., looser correlations between the model parameters. For 19-parameter
phenomenological MSSM, Ref. [666] shows that future the ete™ collider can test up to
10% ~ 12% of the samples obtained from a flat scan that have not been excluded by current
LHC direct SUSY searches and flavor physics data.

In conclusion, future Higgs factories equipped with high-precision Higgs coupling mea-
surements have the potential to greatly enhance our comprehension of the parameter space
and mass spectrum in the MSSM. They offer valuable complementary information to dark
matter searches and EW precision measurements. By providing precise data on Higgs cou-
plings, these Higgs factories can contribute substantially to furthering our understanding of

fundamental physics and refining our knowledge of the MSSM.

XIII. CONCLUSION (JIA, ZHAO, YU, XUAI, MANQI, ZHEN, LIAOTAO...)

This document describes the beyond the Standard Model physics potential of the CEPC.
The CEPC will run as factories for the Higgs, Z and W gauge boson and is capable to
upgrade to tt factory. We are exploring the scenarios of BSM which CEPC can make
significant contributions and updates the previous study on this topic. In this document,
we have classified the BSM scenarios following the previous submission for snowmass 2021,
including exotic Higgs, W/Z and top decays, the dark matter and dark sector, the long-lived
particles, the supersymmetry models, the flavor physics, the electroweak phase transition

and gravitational wave physics, the neutrino physic, the exotic models and global fit studies.
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In the introduction section II, there are already a short introduction for all these sections.
Therefore, in the conclusion section, we try to pick up the highlights from each section and
form a global view of the CEPC potential on the BSM physics.

Since the major physics goal of CEPC is precision study of the Higgs physics, it is
very natural to study the BSM physics connecting to SM physics through the Higgs portal
operators and other Higgs related higher dimensional operators. These operators may modify
the SM Higgs couplings and lead to the exotic Higgs decays. The CEPC with integrated
luminosity of 20 ab™" is able to constrain the BR of various exotic Higgs decay channels, that
for the full invisible decay down to 0.24%, semi-invisible decay ranges from [0.03%, 0.2%] and
two dark sector particles with further decaying to SM particles ranges from [0.03%, 0.6%)].
Comparing the HL-LHC, the cleaner QCD background leads to better limits on full-visible
channels by 2-3 orders, while the ability to fully reconstruct the missing energy helps to
provide better constraints for full-invisible and semi-invisible channels by 2-4 orders.

Another important physics goal of CEPC is the precision measurement of the Z gauge
boson at the Z-pole, which can significantly increase the precision of the electroweak param-
eters measured since LEP. The dark sector particles may be charged under the electroweak
gauge interactions, therefore leading to various exotic Z decays through off-shell mediation
or being the on-shell decay products. The exotic Z decays can also be classified by whether
containing invisible particles, light resonance of SM particle pair or non-resonant 3-body
decays. In general, the Tera-Z setup of CEPC can reach BR limits from [10~7, 10~!] for
semi-visible channels and [107%, 107°] for full-visible channels. The full-invisible Z decay
can place constraints on N with relative error of about 1073, which is also easy to constrain
Z coupling to dark matter and sterile neutrinos.

Due to the smaller center of mass energy, CEPC is suitable to look for light dark
matter and dark sector particles coupling to the electroweak sector of the SM. Different
from coupling to SM through Higgs and Z, the dark sector and dark matter can couple
through the SM (charged or neutral) leptons with Yukawa-type interactions, similar to slep-
tons/sneutrinos in the MSSM. If the leptons containing electrons, the CEPC can provide
complementary synergies with the direct detection of DM in the electronic recoil searches.
The dark matter may also carry milli-charge under electromagnetic interactions or have an
electromagnetic form factors interactions with higher dimensional operators, the CEPC can

provide stringent bounds on these possibilities due to full reconstruction of missing energy
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and clean environment.

BSM particles may have weak couplings to the Standard Model sector, making them
long-lived in collider experiments. The CEPC detectors are well-suited for detecting long-
lived particles, and the sensitivities of additional far detectors and beam dump detectors
have been discussed. Due to its high integrated luminosity for Z, Higgs, and W boson
production, the CEPC is highly competitive for studying LLP decays from these bosons.
Furthermore, the CEPC offers a cleaner experimental environment compared to the HL-
LHC, enhancing its sensitivity to LLPs decaying into certain final states. For example, this
could involve a LLP stau, acting as the NLSP, decaying into a gravitino and a tau lepton.
Thus, LLP studies at the CEPC can provide complementary measurements to those at the
HL-LHC.

Supersymmetry offers compelling candidates for BSM physics. While the CEPC has a
lower center-of-mass energy compared to the HL-LHC, it can still effectively study light
electroweakinos and sleptons, covering masses up to half of its energy. Additionally, if one
of the electroweakinos or sleptons in a pair production process is allowed to be off-shell, the
mass reach can extend even further. The CEPC also benefits from a looser trigger threshold
and a cleaner experimental environment, which enhances its ability to detect soft objects.
This is particularly important for improving sensitivity to scenarios with a compressed mass
spectrum.

The BSM could live in the flavor physics, which CEPC can hold significant potential due
to cleaner environment and the ability of full reconstruction. The high integrated luminosity
at Z-pole can provide competative sensitivity on charged lepton flavor violation, covering
exotic Z cLFV decays. CEPC can also provide a scrinitized check on the tau lepton cLFV
decays. Rare b/c hadron decays through FCNC processes can be improved by about three
orders of magnitude in sensitivity at CEPC.

The study of electroweak phase transitions and gravitational waves is highly pertinent to
the CEPC. BSM physics could induce a first-order electroweak phase transition, significantly
altering the Higgs potential, as evidenced by deviations in the Higgs self-coupling (h?) and
its couplings to ZZ bosons. Precision measurements of the hZ cross-section can inform
the Standard Model Effective Field Theory in the context of FOEWPT, complementing
gravitational wave observations. Searches for exotic Higgs decays into lighter scalars can

effectively constrain the FOEWPT parameter space. Due to its clean experimental envi-
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ronment, the CEPC is particularly well-suited for studying the 77 and bb decay channels,
offering a significant advantage over the HL-LHC.

Neutrino masses and oscillations offer intriguing laboratory hints for BSM physics, and
the CEPC can play a significant role in exploring these phenomena. The CEPC can comple-
ment existing studies by covering parameter spaces for sterile neutrinos and non-standard
neutrino interactions. With its high integrated luminosity at the Z-pole and Higgs associ-
ated production, combined with a clean experimental environment, the CEPC can achieve
superior sensitivity in detecting displaced sterile neutrinos from Z and Higgs decays, sur-
passing the capabilities of the HL-LHC. Additionally, with potential near detector setups
and far detector or beam dump options, the CEPC could further enhance its reach. The
transition dipole operator for sterile neutrinos, particularly for masses above the GeV scale,
can be most effectively probed at CEPC, leveraging its full reconstruction capability. This
would allow it to exceed the sensitivity achieved by LEP by up to two orders of magnitude.

For more exotic models, the CEPC offers unique capabilities to constrain axion-like par-
ticles (ALPs), particularly through their anomalous couplings to Standard Model gauge
bosons. The production of ALPs from Higgs and Z bosons at the CEPC provides comple-
mentary coverage to that of the HL-LHC and heavy ion colliders, with an advantage in the
low-mass region due to the lower production thresholds and cleaner experimental environ-
ment of CEPC. Additionally, the precise measurement of the electromagnetic form factor of
charged leptons, especially tau leptons, is a crucial test of the Standard Model and a probe
for new physics. The CEPC is well-positioned to excel in this area, offering improvements
in the measurement of the tau mass, which could be instrumental in testing exotic theories
such as the Koide lepton mass formula.

The global fit analysis has been performed for SMEFT, 2HDM, and various SUSY models
for CEPC. The CEPC offers a 1-3 order improvement on Higgs coupling SMEFT operators
and a 1-2 order improvement on electroweak vector-fermion couplings, especially for leptons
and second /third-generation quarks, compared to HL-LHC. For 2HDM, the precision mea-
surement of the Higgs and Z-pole at CEPC can constrain the Higgs parameter |cos(f — )|
to less than 0.008, and the typical mass splitting of heavy Higgs to less than about 200 GeV.
For small tan 5, the SUSY scale can be raised to above 1 TeV using the precision data of
Higgs and electroweak measurements.

In summary, CEPC offers high integrated luminosity for Higgs associated production and
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Z resonant production, enabling precise measurements of Higgs coupling and electroweak pa-
rameters. Additionally, CEPC can fully reconstruct missing energy, which is advantageous
for searching semi-visible final states compared to hadron colliders. Moreover, CEPC pro-
vides a cleaner environment than hadron colliders, leading to better tagging efficiency for
heavy quarks and leptons, thereby extending the range of search models. Consequently, with
its lower center of mass energy, CEPC serves as a crucial complement to the current HL-
LHC for BSM physics related to Higgs and Z gauge bosons, which are generally important

for the electroweak sector of the SM.
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