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I. EXECUTIVE SUMMARY

A next generation, high-intensity electron-positron collider “Higgs factory®; such as the
Circular Electron-Positron Collider (CEPC), is among the highest priority fér.the global high
energy collider physics community. The CEPC can provide unprecedented opportunities for
making fundamental discoveries and providing decisive insights in«the quest for a “New

Standard Model (SM)” of nature’s fundamental interactions. The CEPC could:

~
e Identify the origin of matter, especially the mechanism related to the first-order phase
transition in the early Universe, which could produce a'detectable gravitational wave

signal.

e Discover dark matter, particularly dark matter particles with a mass between one

tenth and 100 times the proton mass.
L

e Observe an array of new physics smoking guns, with sensitivities orders of magnitude

better than those of existing facilities.

The SM of Particle Physics is @ triwumph of the past half a century, as it predicts and
interprets almost all the phenomena observed in experiments from the highest energies with
colliders to low energy “tabletop”studies. On the other hand, deep mysteries exist concern-
ing the most fundamental intéractions of matter and the space-time fabric of the Universe,
including the nature of dark matters the origin of “visible” matter, the vast hierarchy of
elementary particle masses, the quantum nature of gravity, and the mechanism of inflation.
These mysteries challenge usto look for “new physics” beyond the SM and General Rela-
tivity. Indeed, physicists believe that the SM is simply a low-energy effective theory that
reflects aspects of the more profound theory that answers the aforementioned mysteries. Un-
covering this “New SM”; the profound theory who supports the SM is the primary mission
for particle.physics in the post-Higgs boson era.

The Higgs boson can play a crucial role in addressing open questions in the SM. It is
connected torthe origin of both visible and dark matter of the Universe, the origin of neutrino
masses, the stability of the Universe, and the self-consistency of the particle physics theory
at quantum level. Studying the Higgs boson with the highest possible precision is therefore
al promising path toward deeper insights. The combination of experimentally producing

a vast number of Higgs bosons in a “clean” environment of electron-positron collisions,

http://cpc.ihep.ac.cn
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and theoretically interpreting these measurements at high confidence, makes the CEPC-
like Higgs factory a cornerstone of the global particle physics vision. The CEPC will, also
produce a high statistics sample of the Z and W bosons, and potentially large statistics of
top quarks, further enhancing the prospects for discovery. Coupled with advances in. the
precision of theoretical computations, the CEPC will provide a uniquely powerful lens in

the search for the New SM in multiple avenues.

Among the most important, yet unexplored, arena is the way'that, the/Higgs field con-
tributes to the energy of the Universe. Crucial physics information r\esides in the “Higgs
potential”, whose simple form in the SM is largely untested to datesThe electroweak phase
transition is an important yet unexplored milestone in"the early universe. The shape of
the Higgs potential determines the dynamics of that era.»New Physics that significantly
alters the Higgs potential could lead to “smoking gun”»phenomena in electron-positron col-
lisions, which provide crucial information about thé eleetroweak phase transition. In this
vein, a CEPC-like Higgs factory could alse provide critical information about the genera-
tion of the cosmic matter-antimatter imbalanceérand the nature of dark matter. The origin
of “visible” matter—which makes aprstars, planets, and human life itself—remains a long-
standing mystery. Among the proposed theories addressing this question, one stands out as
particularly promising for discovery at next-generation collider experiments: “electroweak
baryogenesis”, which requires/a first-order electroweak phase transition occurring about 10
picoseconds after the Big Bamg. ‘This' phenomenon implies significant modifications to the
SM Higgs potential, which could he probed through precision measurements of Higgs boson
at the CEPC. Electroweak baryogenesis, therefore, falls directly within the central scientific
goals of the CEPC; which can provide a decisive test with high discovery potential. In fact,
the occurrence of a first-order electroweak phase transition in the early Universe means sig-
nificant change to the thermal history of the Universe predicted by the SM. The CEPC has
the potential to cover most of the theoretical phase space predicted by relevant new physics
models; Making this scenario more appealing, a first-order electroweak phase transition
could"also genérate detectable gravitational wave signals. CEPC measurements will coin-
cide. with those expected from the next generation of gravitational wave detectors such as
LISA, Taiji, and TianQin, offering a powerful synergy between terrestrial and astrophysical

probes.

Discovering the identity and characteristics of dark matter is an equally compelling chal-
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lenge. Even the basic property of the dark matter mass remains unknown. The CEPC has a
strong comparative advantage in detecting a relatively light particle dark matter candidate
with a mass between one tenth and 100 times the proton mass. If there exists‘amew ‘dark
force” between dark matter particles, studies have also demonstrated that a CEPC-like.col-
lider is particularly powerful in testing scenarios where the dark forcé carrier is relatively
light. In this regard, the CEPC is highly complementary to mang low-background, deep
underground dark matter direct detection experiments.

The CEPC could directly detect a variety of phenomena predicted b;a wide range of new
physics models. Thanks to the clean collision environments, sighificant yields of massive SM
particles, and advanced detector-reconstruction technologies, the CEPC has unprecedented
sensitivities to a suite of new physics signatures, including leng-lived particles; exotic decays
of the Higgs and Z bosons; rare or SM—forbidden decays of heavy quarks and leptons;
exotic mono-photon events; and many others/ Recent, studies suggest that the CEPC’s
sensitivities to direct new physics signalgicould exceed/that of existing facilities by several
orders of magnitude, making it highly complementary to the LHC and other facilities. In this
way, the CEPC provides excellent discovery potential for heavy neutrino partners and new
light particles such as axion-like particles,and dark photons. Moreover, it could offer crucial
insights into the underlying principles of new physics and point toward a more complete
fundamental theory, such as supersymetry.

A CEPC-like Higgs factory will provide tremendous discovery potential for new physics
and decisive insights needed to resolve long-standing puzzles, including matter generation,
the nature of dark matter, etexThis discovery power is rooted in the huge amount of “clean”
data: five orders ofmagnitudé more Z bosons than LEP, the last generation Z factory, and
one million pristine Higgs boson events. To fully realize and further enhance the discovery
power of the/CEPC, the following studies are critical: ongoing theoretical development, in-
cluding both new physics model building and interpretation framework; a new generation of
high-precision galculations; timely completion of innovative detector design and reconstruc-
tionalgorithm development; exploration of synergies between different facilities. Last but
not least, Tapid advancements in emerging technologies, such as the artificial intelligence
and quantum technologies, will undoubtedly further amplify the discovery capabilities of a

Higgs factory.

http://cpc.ihep.ac.cn
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II. INTRODUCTION

The Higgs boson is central to many mysteries of the Standard Model (SM),of particle
physics, and a key to discovering new phenomena near the electroweak scale. Important
questions include the scale of the electroweak unification, the nature,of the electroweak
phase transition, the flavor structure of fermions and so on. The Higgs fieldiis also deeply
connected with many fundamental phenomena beyond the Standard Model, such as the
asymmetry of matter and anti-matter in the Universe, the presenceof dark matter and dark
energy, and even the mechanism for cosmic inflation. Each of the new phenomena may guide
us to certain new mechanisms beyond the SM. For instance, as shown in Fig. 1 along with
other big topics, the investigation on the electroweakisymmetry breaking and the origin of
elementary mass may reveal a more complicated Higgs potential with additional bosons,
and much more aggressive alternatives to the SM. The 2012 discovery of the Higgs boson
completed the last piece in the jigsaw puzzle of the SM’s fundamental particle spectrum,
and it offers a potent probe for these above-mentioned mysteries and phenomena. A Higgs
factory that can measure the propesties of the Higgs boson to an unprecedented precision is

vital for this exploration.

The LHC has so far served as a powerful Higgs factory. The high luminosity run of
the LHC (HL-LHC) is projectéed to ultimately produce 100 million Higgs bosons. However,
proton-proton collision hasJargebackgrounds and theoretical /systematic uncertainties, and
the typical accuracy of the Higgs property at the HL-LHC is expected to be limited to a few
percent [1].

In comparison go the.LHC, an electron-positron collider will have significant advantages
in Higgs boson measurements. An electron-positron collider is by nature free of QCD back-
grounds. The ratio of the Higgs signal versus the SM background is about 7-8 orders of
magnitude-higher than that at the HL-LHC. An electron-positron collider can produce pre-
cise and manipulable initial states that help to determine the Higgs boson’s decay width and
its gouplingssSeveral future electron-positron colliders have been proposed, including the
International Linear Collider (ILC) [2], the Compact Linear Collider (CLIC) [3], the Future
Circular Collider (FCC) [4-6], and the Circular Electron Positron Collider (CEPC) [7, 8].
At the same time, a number of alternative possibilities are under consideration, e.g. a 125

GeV Muon collider [9], C3 [10], ReliC [11], CERC [12], etc.

http://cpc.ihep.ac.cn
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FIG. 1: Big questions and big ideas of the BSM landscape.

The CEPC is proposed by the High Energy Physics community immediately after the
Higgs boson was discovered. The CEPC working group was initiated in September of 2013.
In the year 2015, the CEPC Wor.king group presented the pre-CDR [7, 8] as the first milestone
of CEPC study. Intensive R&D and physics study in the following years led to the 2018
delivery of the CEPE Coneeptual Design Report (CDR) [13], reporting no show-stoppers
identified for this gigantic machine. In 2023, the Accelerator Technical Design Report (TDR)

was released [14)y demonstrating that technology is ready for construction.

The CEPC is designed to host a main circular ring with a total circumference of 100
kilometers. The facility is designed to operate at several benchmark center-of-mass energies:
Ecy =(91.2 GéV as a Z factory, Ecy =~ 160 GeV for W boson pair production threshold
andaBen =.240 GeV as a Higgs factory. The CEPC center-of-mass energy is capable
of upgrading to 360 GeV, enabling tf pair production. Considering future upgrades, the
CEPCunderground tunnel is designed to have a large diameter such that it could host both
CEPCrand the future super proton-proton collider (SPPC) at the same time [15].

In the TDR design [14], the CEPC envisioned the collider to operate with two main

http://cpc.ihep.ac.cn
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Operation mode 7 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*cm—2s~!, per IP)
Integrated luminosity
100 6 20 1
(ab~!, 2 IPs)
Event yields 4.1 x 10'? 2 x 108 4.3.x 105 0.6 x 106

TABLE I: Nominal CEPC operation scheme, and the physics yield, of four different modes.
See [16] for details.

L
detectors. The nominal operation plan foecuses on the/Higgs operation, which lasts for 10
years; and it also includes 2 years of data takingiat the Z pole and 1 year for the W threshold
scan. In its nominal operation plamywith 50°MW synchrotron radiation power per beam,
the CEPC is expected to deliver the total integrated luminosity of 100, 6.9, and 20 ab~! for
Z-pole, WW  and Higgs factoryaruns, respectively. The CEPC will produce approximately
four trillion Z bosons, nearly #ne billion W bosons (mostly produced at Higgs operation),
and over four million Higgs bosons. After the high energy upgrade, the CEPC will operate
for at least five years at a 360/GeV center-of-mass energy with 1 ab™! integrated luminosity.
About 500 thousanditf eventsgand 150 thousand inclusive Higgs events will be produced

during this run, see’Table L.

Physics study groups have continued to explore a wide range of topics to identify the
CEPC’s scientifi¢ capabilities. High priority searches include Higgs boson precision mea-
surements;-precise electroweak measurements, flavor physics, QCD-related measurements,
and new physics. Physics studies identified a handful of critical detector requirements, quan-
tified its impact on different physics benchmarks, and brought up clear performance goals
for the CEPC detector design. To name a few, such requirements include the separation
of final state particles, precise reconstruction of energy/momentum for different species of
final state particles, the identification of physics objects in high-multiplicity events, good

calibration of beam energy and instant luminosity, and so on. With these demands from
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FIG. 2: A cartoon of ne gram at the CEPC.

physics study, the CEPC detector g ted a series of detector R&D programs to

the optimization between ac ing physics requirements and leveraging the latest detector

technology.

scientific goals, this snlists major new physics interests that are deeply related

to the electrowea tial: precision measurements of the Higgs boson’s couplings

ing at SM electroweak test as a central task, the CEPC is designed with world-leading

erformance in the precision measurement of the electroweak scalar potential. Beyond the
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Standard Model searches can benefit immensely from the CEPC’s precision in measuring
the decay of the Higgs boson, the Z boson and the top quark. Section IV provides a
comprehensive review of exotic h/Z/t decay sensitivities at the CEPE and the expected
sensitivity on beyond-SM scalar potentials. Supersymmetry, dark sector.motivated signals,
and the decay channels yielding long-lived particles are emphasized as Hhenchmark scenarios
of particular interest. Cross-check measurements on potential Higgs-like hints from existing
LHC results are also discussed.

Encouraged by progress in gravitational wave observations, high—znergy phase transi-
tions during the Early Universe gained much popularity in recent years. The nature of the
electroweak phase transition sensitively depends on the ‘details of the scalar potential, and
the future colliders test of the CEPC offers a unique cress-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.& more violent process, especially
type-I transition with bubble formation@nd contributé non-trivially to the cosmic baryon
asymmetry, stochastic gravitational wave‘background, etc. It is shown that the CEPC’s
precision can test scalar potentials that.generate visible signals for future gravitational wave
experiments. In Section V we list the crueial measurements for electroweak phase transition,
including the Zh production cross-section, the Higgs boson decay width, and its branching
ratios, which are highly sensitive to new physics corrections.

Dark sector and dark matterncan be revealed via searches involving missing momentum,
and dark sector models with leptonic and electroweak connections to the SM are of par-
ticular interest. The CEPC isidesigned with state-of-art detectors and will offer excellent
reconstruction of missing energy /momentum. In Section VI, we present the recent progress
on selected dark matter/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 providedfor a/mumber of such models, e.g. lepton-portal dark sectors, neutrino and
electromagnetically interacting dark particles, leptophilic dark matter, visible in Z-decays,
etc.

Long-lived particles (LLPs) have risen to a heated collider search target recently. The
LLP scenario typically features a massive BSM particle with a much prolonged lifetime due
t0 1ts near-degenerate mass to another particle, or highly suppressed couplings, and it can

leave a novel signal inside the collider’s detectors. In Section VII, we first briefly review
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the computational methodology for LLP production, and then we proceed to diseuss the
projected sensitivities with the main detector, proposed far detectors, and the beam dump.
LLPs are predicted in many BSM theories, and LLP searches during Higgs and 7 boson
decay are important benchmark scenarios at the CEPC. Dedicated sensitivity studies are
presented for supersymmetry, vector-like lepton extended models, axion=like partieles, extra
neutral gauge bosons, etc.

Supersymmetry provides an elegant framework to answer the SM’s\gauge hierarchy prob-
lem, and it has been extensively searched for by existing colliders. Th?CEPC offers search
windows on many SUSY scenarios that are difficult for higherenergyzhadronic collisions. In
Section VIII, 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-indueed 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. Relatiyvely 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. Themprojected limits from ILC/CLIC SUSY search are also
included for comparison.

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 morecomprehensive review of CEPC’s flavor physics is presented in a
dedicated white paper. In Seection X, we summarize the CEPC’s potential in new physics
search via flavor portal. Impertant 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.

Neutrinorescillation 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 main/far detectors and the beam dump, promptly
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decaying heavy neutrinos with high lepton multiplicity and visible lepton-number #iolation,
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 te.soft leptons,
photons, and jets empower careful investigation of exotic physical processes with high lepton
multiplicity, or those that require good lepton reconstruction, energy resolution, and flavor
recognition. Section XI discusses how exotic models involving lepton and photon interac-
tions can benefit from such capability. For instance, the characteristic\Chern—Simons term
involving photons and axion-like particles can be probed to high. preeision at the CEPC. At
Tera-Z and Higgs factory runs, the rare decay of the Higgsiboson and electroweak gauge bo-
son 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 precisiontests on the SM lepton interactions,
such as the dipole moment of p and 7 leptons, effective non-standard neutrino interactions.
These measurements provide a complementary, test of any underlying BSM theory, gen-
erating large corrections to leptondform factors. In addition, strong interest in quantum
entanglement has appeared 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 throughyast 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 eapability can quickly identify models or parameter spaces with
the highest priority; makingrobust 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 tf runs.
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III. DESCRIPTION OF CEPC FACILITY

The CEPC accelerator is designed to provide an instantaneous luminosity in the range
of 5-192 (x10%* cm2s7!) at center-of-mass energies from 91 to 240 GeVafl4]. According
to its nominal operation plan, which includes 10 years of data taking at the Higgs factory
mode, 2 years at the Z pole, and 1 year for the WW threshold scangthe CEPC is expected
to deliver approximately 4 million Higgs boson events, 4 trillion'(Tera) Z boson events,
and 1 billion (Giga) W boson events. The massive production 0f theseelementary particles
not only enables high-precision measurements of SM parameters butfalso provides fertile
ground for uncovering potential deviations induced by new physics:yThe new physics search
at the CEPC primarily relies on three portals: the Higgs portal, the Z portal, and direct
searches for BSM signatures. To effectively handleshe high event rates and complex event
topology characteristic of these physics processes, the dete.ctor must meet the following key

performance requirements:

e High stability and calibration

The CEPC operates in a high-luminosity environment, producing a vast number of
events that demand exceptional detector stability. Consistent performance under such
conditions is crucial for minimizing systematic uncertainties. To ensure high data qual-
ity, precise monitoring and calibration systems are required so that rare signals—such
as deviations in Higgs'branching ratios or rare Z decays—are not obscured by noise or

beam-induced backgrounds.

e Large acceptance

The acceptance encompasses not only the solid angle coverage, but also the energy and
momentum thresholds for reconstructing final state particles. In considering the high
event rate, the acceptance shall also be extended to the time dimension. In general,
afcoverage up to |cosf| < 0.99 is required to ensure capture of particles over a wide
angular range, which is critical for reconstructing full event topologies in Higgs, Z, and
BSM processes. Low energy and momentum thresholds of O(100) MeV are essential
forsdetecting soft particles, such as photons and pions from heavy hadron decays or

exotic BSM signatures.

e Excellent intrinsic subdetector resolution

http://cpc.ihep.ac.cn
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The intrinsic resolution of each subdetector is crucial for all physics measurements,
particularly for new physics, as it underpins the precision and accuracy required to
detect and analyze novel phenomena. Typically, the intrinsic mementumresolution
of the tracker should reach 0.1% level in the barrel region. The intrinsic energy res-
olutions of the ECAL and HCAL are expected to be better thanid%//E(GeV) and
40%/ \/m, respectively. Moreover, to efficiently reconstruct decay vertices of
7 lepton and heavy-flavor hadrons, the vertex position reselution is expected to be
better than 5 um, with the vertex detector placed sufficiently cl?se to the interaction

point [17].

Better Boson Mass Resolution (BMR)

BMR refers to the relative mass resolution of hadronicallyydecayed massive bosons (e.g.
Higgs, Z, and W bosons) [13]. It is a key ndetrie.to qllantify the overall reconstruction
performance of hadronic systems. For new /physics searches through the Higgs and
Z portals, BMR is particularly important, as the majority of Higgs and Z bosons
decay hadronically. It is also directly relevant to the reconstruction of missing energy
and momentum, which is critical for dark matter searches. Generally, BMR < 4% is
required in Higgs measurements, suchyas the Higgs width determination via ete™ —
vuH(— bb) [18], the measurément of H — 757~ via Z(— qq)H(— 777) [19], and
the study of Higgs invisible decays via Z(— ¢q)H(— invisible) [13]. While achieving a
BMR better than 3% is h@ﬂy beneficial for precision Higgs studies, it also significantly
enhances sensitivity t0 new/ physics signals involving boosted hadronic final states or

missing energy signatures.

Excellent particle low reconstruction and particle identification

New physigs measurements often involve complex final states with overlapping jets,
boosted objects, soft decay products, and significant missing energy. To effectively
disentangle these signatures from overwhelming SM backgrounds, excellent particle
flow reeonstruction [20, 21] and particle identification (PID) are indispensable. High-
fidelity reconstruction of individual particles enables precise jet substructure analysis,
accurate missing energy measurement, and efficient lepton isolation—all of which are
critical in processes such as dark matter searches, exotic Higgs decays, and LLP de-

tection.
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In addition, excellent pattern recognition capabilities are essential for handling.dense
event topologies, particularly in scenarios with high-multiplicity final states or colli-
mated decay products. Robust pattern recognition ensures reliable track-cluster as-
sociation, secondary vertex reconstruction, and object separation, direetly impaeting

the sensitivity to rare or unconventional signatures predicted by‘many BSM models.

e Jet origin identification (JOI)

JOI is the procedure to determine the type of quark or gluondrom which a jet origi-
nates. Typically, 11 types are considered: b, b, ¢, ¢, sps, u, @, d, d, g. As a natural
extension of jet flavor tagging, quark-gluon jet discrimination, and jet charge mea-
surements, JOI provides a powerful tool for newsphysicsisearches. Many BSM models
predict exotic decays or final states that preferentially produce jets from specific quark
flavors or exhibit flavor asymmetries. By identifyingthe initiating parton flavor on a
jet-by-jet basis, JOI enables the construction of new discriminating observables that
are sensitive to such effects. In additionyJOI can help reduce SM backgrounds, partic-
ularly in multijet final states, where the jet flavor composition often differs significantly

between signal and background processes.

Since the proposal of the CERC, multiple detector concepts have been proposed and
optimized to address these requirements; demonstrating state-of-the-art performance. These
developments have progressed alongside advances in detector technology and reconstruction
algorithms. We refer to threedbenchmark detector concepts, which are used in the simulations
in this white paper, providing reference performance for relevant physics potential studies.

Let’s start withh the €EPC CDR detector [13], which follows the particle flow principle,
as shown in thé'left panel of Fig. 3. It features a high-precision tracking system, a high-
granularity calorimeter system, and a high magnetic field of 3 Tesla. By virtue of the
particle-flow-oriented design, the CDR detector delivers excellent tracking efficiency, lepton
identification, and precise hadronic reconstruction, providing a solid basis for new physics
studies. Spegcifically, the tracking system demonstrates an efficiency close to 90% and a
relative momentum resolution approaching O(1073) for tracks with momenta above 1 GeV
in the barrel region. The photon energy resolution reaches 17%/+/E(GeV) & 1%, achieved
by a sampling Si-W ECAL, which features the high granularity critical for particle flow
reconstruction. For PID, the CDR detector offers a K /7 separation better than 2 in the
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FIG. 3: Schematic layouts of LEFT: CEPC CDR detector [13], MIDDLE: Ref-TDR
detector [22], and RIGHT: IDEA‘detector [23].

momentum range up to 20 GeV by combining time-of-flight (TOF) and dFE/dx information.
In inclusive Z — qq events, the K* identification efficiencysand purity both exceed 95% [24].
For hadronic systems, a BMR of 3.8% is )c‘hieved for hadronically decayed W, Z, and Higgs
bosons. This allows W /Z separation bgyo‘n(i 20 in hadronic final states and improves

@
missing energy/momentum resolution; Which&crucial for new physics searches.

After the release of the CEPC CDR, inte\nsive detector R&D efforts have continued to
address the CEPC physics requirements, leading to the development of the Ref-TDR detec-
tor [22, 25], shown in the middle panebof Fig. 3. It demonstrates significant improvements
in electromagnetic (EM) andthadroni¢ energy resolutions, PID performance, and vertexing.
The Ref-TDR detector employs a particle-flow-compatible homogeneous crystal ECAL to
enhance the EM resolution t671.3%/1/F(GeV) @ 0.7%. A high-density glass-scintillator
HCAL is utilized 46 improve‘the hadronic energy resolution to 30%/vE @ 6.5%, nearly a
factor of two better than the CDR performance [26]. The Ref-TDR detector also features
a pixelated TPC ghat provides precise dE/dz [24, 27] and dN/dz [28] measurements, both
of which are'essential for PID. Furthermore, the outermost silicon tracker integrates TOF
capability withda resolution of 50 ps per MIP, further enhancing PID performance. The
vertex detéetor adopts stitching technology [29] to significantly reduce the material budget.

Table II summarizes some key parameters and performance of the Ref-TDR detector.

An alternative detector concept known as IDEA [23], with schematic shown in the right
panel of Fig. 3, is also utilized in some physics potential studies. In comparison to the

CDR and Ref-TDR detectors, the IDEA detector incorporates a dual readout calorimeter
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Subdetector| Parameter and Performance

Inner radius of 11 mm

Vertex
Material budget of 0.77% X
0.5 mm x 0.5 mm readout
TPC
dN/dx resolution 3%
TOF or = 50 ps per MIP

ECAL | og/E =1.3%/VE & 0.7%
HCAL | op/E = 30%/VE & 6.5%
BMR 3.87%

TABLE II: Key parameters and performance of Ref-TDR detector [22].
L

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 tragking velume.

Besides the aforementionedidetectors, several far detectors are proposed to search for
LLP. Compared to the main detectorinear the collision point, far detectors can significantly
enhance the ability to detect I{JP, particularly when the decay length of the LLP reaches
on the order of hundreds /of méters. Examples of such detector proposals, such as FADEPC
and LAYCAST, aréidiscussed. in‘detail in section VII. Far detectors are expected to work
synergistically with-the main detector, greatly extending the CEPC’s capability for exploring
new physics.

In addition to the detector technology, reconstruction algorithms have progressed signifi-
cantly. Leveraging advanced machine learning algorithms, new concepts such as one-to-one

(1-1) correspondence reconstruction [30] and jet origin identification (JOI) [31] have been

propesed and greatly enhanced reconstruction performance.

1-1 correspondence reconstruction, as an ultimate goal and a natural extension of particle
flow, aims to establish a 1-1 correspondence between visible and reconstructed particles, of-
fering a high-quality and holistic description of physics events. However, due to limitations

in pattern recognition, current particle flow reconstruction still suffers from significant con-
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FIG. 4: LEFT: Invariant mass distributions ofthadronically decayed Higgs, W, and Z
bosons derived by 1-1 correspondence reconstruction. ﬁIGHT: Confusion matrix of

well-reconstructed particles identification. Both'plots are taken from Ref. [30].

fusion effects—including fake particlespfailures‘in track-cluster matching, and particle loss
caused by shower overlaps—which severely wiolate the 1-1 correspondence relationship. By
leveraging the powerful pattern'recognition capability of machine learning and a novel detec-
tor design featuring a 5—dimensiQna1 (5D) calorimeter which provides extra time information,
1-1 correspondence reconstrugtionchas been realized at the full simulation level in the CEPC
environment [30]. Iniwhe benehmark process of Higgs decaying to di-jets, over 90% of visible
energy can be successfully mapped to well-reconstructed particles that not only maintain a
one-to-one correspondence relationship but are also associated with the correct combination
of cluster and track, achieving a BMR less than 3%, as shown in the left panel of Fig. 4.
Performing simtuiltaneous identification on these well-reconstructed particles, efficiencies of
97% tomearly 100% for charged particles (e*, u*, 7, K*, p/p) and photons (), and 75%
to 80% for.neutral hadrons (K?, n, n1) are observed. For physics measurements of Higgs to
invisible and exotic decays—golden channels for probing new physics—1-1 correspondence

could enh@ance discovery power by 10% to up to a factor of two.

Similarly benefiting from machine learning, the concept of JOI is realized at the full sim-

ulation level [31] using the CEPC CDR detector and advanced algorithms, including the
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FIG. 5: Jet origin identification performance of fulbsimulated Higgs/Z to di-jet processes
with CEPC conceptual detector [31]. LEFTs# The confgsion matrix My, with perfect
identification of leptons and charged hadrons. RIGHT: Jet flavor tagging efficiency and
charge flip rates for quark jets with different scenarios of particle identification: with only
lepton identification, plus identification of eharged hadrons, plus identification of neutral

kaons:

Arbor [21] particle flow reconstruction and the ParticleNet [32] deep learning architecture.
JOI enables the simultaneous identification of b, ¢, and s quarks with efficiencies ranging
from 70% to 90%, and ufd qu}rks with efficiencies around 40%. Charge misidentification
between quarks and, antiquarks is controlled at the 10-20% level, with an ideal lepton and
charged hadron identification, as illustrated in Fig. 5. This capability significantly extends
the flavor sensitivity of hadronic final states and brings substantial improvements to mea-
surements involvingrareand exotic Higgs decays—key channels for exploring BSM physics.
By precisely identifying the flavor composition of jets, JOI provides powerful handles to

suppress‘backgrounds and isolate potential signals of new physics.
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1
2
2 IV. EXOTIC HIGGS POTENTIAL AND EXOTIC HIGGS/Z/TOP DECAYS
5
? A. Introduction
8
9 The novel physics phenomena may manifest through the exotic dec¢ay channels of the
10
11 Higgs boson, Z boson and top quark. Especially, it may reveal the structure of the Higgs
12
13 portal, generic Higgs potential or new effective operators. The research effort devoted to
12 investigating Higgs/Z /top exotic decays will effectively improvesthe pregision of the coupling
16 measurements for relevant particles and will constitute an, indispensable element of the
17
18 scientific agenda for the prospective Higgs factories. These capacities could be significantly
19 . . . . . . .
20 enhanced with the introduction of cutting-edge machine learning technologies 31, 33]. In
;; the following sections, we will review some representative imvestigations for the relevant
23 exotic decays of Higgs, Z boson and top quark.
24 'S
25
26
27 B. Model-independent Sensitivity to Exotic Higgs decays
28
29 . . . . . .
30 A comprehensive assessment of the'sensitivity of lepton colliders to exotic decay channels
g; of the Higgs boson into various final states was presented in Ref. [34], with a particular
;i emphasis on the channels that face considerable challenges at hadron Colliders. The findings
35 of the investigation indicate that leptomcolliders exhibit notable sensitivity potential in the
36
37 discussed decay channels. The peesent analysis is concentrated on the two-body Higgs decays
gg into BSM particles, denoted as X;, through the decay process h — X, X,. These particles are
2(1) permitted to undergo further decays, potentially resulting in four-body final states at most.
42 The cascade decay'modes are systematically categorized into four distinct cases, as illustrated
43
44 in Fig. 6. A broad class of the underlying BSM theoretical frameworks, including but not
22 limited to singletsscalar extensions, two-Higgs-doublet models, SUSY models, various Higgs
47 portals, and gauge extensions of the SM, as referenced in [34-37], provide the theoretical
48
49 motivation for the exploration of these exotic decay channels.
50

At the CEPC 240 GeV, the predominant mechanism for the Higgs boson production is the
51 P gg p
gg associated production with a Z boson. The decay of the Z boson into detectable final states
54 facilitates the identification of the Higgs boson via the recoil mass method. Implementing
55
56 alselection criterion centered around the peak of the recoil mass significantly reduces back-
57
58 ground processes from SM processes. Several channels have been investigated in Ref. [34].
59

60 http://cpc.ihep.ac.cn
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FIG. 6: Representative topologies of the Higgs exoti s [34].
The results of which are shown in Fig. 7. The analysis provide prejected exclusion limits

at the 95% C.L. for the CEPC with an integrated lumi of 207ab~!. Additionally, the

about the decay h — 4b, have shown the

The LHC is expected to impos i nstraints on a large number of decay chan-

~ (mHL-LHC -
|m CEPC (20 ab™") |
|1 CEPC* (20 ab™") |

BR(h—Exotics)

: The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at
HL-LHC and CEPC, based on Ref [34].
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Upper limit on the branching ratio at 95% C.L.

Decay channel

HL-LHC CEPC ILC FQC-ee
MEr 0.056 0.0028 0.0025 0.005
(bb)+MEp 0.2 1x107* 2 x 1074 5%07°
(j§)+MEr - 5x 1074 5x 1074 2 x 1074
(77)+MEp 1 8 x 1074 1x1073 3 x 107*
bb+MET 0.2 3x 1074 41074 ot 1 x 1074
Ji+MEr - 5x 1074 7.x 1074 2 x 1074
T7+ME7r - 8 x 1074 1 x 107° 3x 1074
(bb)(bb) 0.2 4x 1074 9x 101 3x 1074
(cc)(ce) 0.2 8 x 1074 1% 1073 3x 1074
(i9)(9) 0.1 1 xA4073 p2x 1073 7x 1074
(bb)(T7) 0.15 4 x107* 6 x 1074 2 x 1074
(r7)(77) 0.2~ 0.4 I 1074 2 x 1074 5x 107°
(3 () 0.01 Ix 1074 2 x 1074 3x107°
() () 4 x 107* I'x10-* 1x1074 3 x 1075

TABLE III: The projection offupper limits at 95% C.L. on selected exotic decay branching
ratios for various channels at tlle HL-LHC is compared to those at various lepton colliders

[34], as shown in Fig. 7.

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 expectedito 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 thes(7v)(vy) decay channel, which is projected to enhance 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
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from the higher statistics that will be provided by the HL-LHC, thereby utilizing the higher
event counts to improve statistical precision. Table III summarises the upper/dimit on the

branching ratios for different channels for the HL-LHC, CEPC, ILC and FCC-ee.

C. 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 thebretical 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+ 5287 = 58" = SR+ 12 [P — N HI* M

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

The SM-s model [35] is motivateduby, theoretical considerations such as naturalness,
which tackles the hierarchy problem between the Higgs mass and the Planck scale; potential
interactions with dark matter, 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. N

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 SMrand help resolve some of the current puzzles in particle physics.

At the LHC ] detecting the decay h — ss is challenging due to significant background
processes. Howewver, the projected sensitivity of the HL-LHC for the bbr7 final state is
Br(h — $5),<2.8 X102 according to CMS projections [40]. At the future electron-positron
colliders, the sensitivity for the bbbb final state is much more promising [34]. With at least
three b-tagged jets required in the final state, the b-tagging efficiency can be conservatively
chosen to he 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. 8, 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. 8: The 95% C.L. exclusive béutid. on Br(hs> (bb)(bb)), based on Ref. [34].

The enhanced sensitivity at ele¢tronspesitron colliders is attributed to their cleaner ex-
perimental environment and the precisiomcan be significantly improved with high statistics
in the next-generation facilities. »This makes them ideal for studying rare processes and

searching for new physics, such as the exotic Higgs decays discussed here.

A S

D." ‘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 slightly modified version, semi-constrained
NMSSM (scNMSSM) have attracted significant attention for providing theoretically com-
pelling explanations of Higgs boson phenomena. 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 chan-
nels of the 125 GeV Higgs boson into potential dark matter (DM) candidates, specifically
into pairs of the lightest neutralinos h — 9% [41-43]. Theoretical predictions suggest
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the existence of four distinct funnel-annihilation processes for the lightest supersymmetric
particle (LSP) XY, corresponding to intermediate states hs, Z, hy, and a;. Thefecompaosition
of the LSP is constrained to either a singlino-dominant or a higgsinordominant, form. In
the scenario where the LSP is predominantly singlino, it is supposed to aehieve the. ob-
served dark matter relic density. As demonstrated in Ref. [42], the branching fraction of the
Higgs boson’s invisible decay could be as low as approximately 10~5%4 While this fraction ex-
ceeds the capability of the HL-LHC, it can be reached through measurements at the CEPC.
Meanwhile, a higgsino-dominant LSP is predicted to yield an insufﬁc%nt relic density and
is associated with a substantial branching fraction for the Higgs inwvisible decay, leaving it

in the investigation capability of the CEPC.

Future colliders

Decay Mode
HL-LHC CEPC , FCC-ee ILC
(bb)(bb) 650fb~1(QII)  0.42fb~1(@IM) [0.41fb~Y(QIII)  0.31fb~(Q@II)
(7)) - 21~ L(QII) 18fb—1(@II) 25fb~1(QII)
(rHr)(vH) - 0.26fb3l(QITr)  0.22fb~1(QIIT)  0.31fb~!(QIIT)
(bb)(7H77) 1500fb =1 (@IT) 4.6fb=L(@IT) 3.6fb~1(@II) 4.4fb~1(@In)

(utp)(rtr7)  1000fb~H@II) g _ i

TABLE IV: The minimum integrated luminosity for discovering the exotic Higgs decay at
the future colliders [34]; wheresthe “@I, 11, ITI” means the three different scenarios.
Scenario I: hy is SM-like Higgs, and the light scalar a; is CP-odd; Scenario II: h; is SM-like
Higgs, and the light sealar a; is CP-odd; Scenario III: hy is SM-like Higgs, and the light

scalar hy is CP-even.

Second, investigations have been directed towards the decay of the Higgs boson into
lighter CP-odd or GP-even Higgs states, with particular attention given to the processes
hy — ayai, hy = aiay, and ho — hih; manifesting in final states comprising four bottom
quarks (4b)feur jets (47), a pair of bottom quarks and a pair of tau leptons (2027), and four
tau leptons (47) respectively [44]. 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 presents the min-
imum required integrated luminosities for the detection of these exotic Higgsndecays 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 comparable
to that of the FCC-ee, highlighting the competitive potential of thesefacilities in the search

~
for new physics phenomena.

E. Exotic Decays via Dark Sector

1. Higgs Exotic Decays via_ Dark Sector

L
Within the framework of the lepton portal ‘dark matter model, the relic abundance is

determined by the fermion portal coupling ((£,)) invelving the Majorana fermion DM can-
didate y, the singlet charged scalar mediator,S=,‘and the SM right-handed lepton [45]. In
Ref. [46], the Lagrangian is further expandediwith another Scalar portal interaction (Lg) as

1 . 1 _ _
L= 55(1(?)( — 5MXX Y (XLSTER + h-C-) ; (2)
Ls= (D"S)' DS — (uy|H” $ 13|81 + A H* + Xs|S|* + 2Aus[HP[S)) . (3)

N
The incorporation of the sealar 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 channels; including exotic decay processes and the deviations in Higgs
boson couplings. These aspects yield promising prospects for the exploration and detailed
examination/of the 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 —"S8% S=.uNevertheless, in the event that the mass of the dark matter candidate x, m,,
is less than half the mass of the Higgs boson, my; /2 ~ 62.5 GeV, the portal coupling Ayg
may activate the exotic decay processes such as the three- or four-body decays h — ST¢Fy
of h — (*x¢Ty. These decays are mediated by either one or two virtual ST, depending on

whether mg is less than my,. The decay rates for these processes are directly proportional to
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yiN% g or y\%,¢. This relationship presents a novel method for probing the parameters Ay s
and y,. By calibrating y, to the theoretical value y!", which is derived from the necessary
relic abundance, one may deduce constraints on the Agg coupling fora 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 ST — ¢+y¢'=y). These constraints can subseqfiently be ¢onverted into
upper bounds for Agg, relying on the determination of y, throughsthe conditions imposed by
the DM relic abundance, as illustrated in the left panel of Fig. 9. An a;parent discontinuity
in the depicted curves around mg = 125 GeV corresponds to a tramsition in the available
phase space, shifting from a three-body to a four-body deeay mechanism. In conclusion, the
future CEPC is anticipated to impose stringent constraints,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 decayfinto a dark shower, i.e., a shower of dark-sector
particles, which can be bosons or fermions; forsexample, composite neutrinos [47]. These
can either decay promptly or be long-lived ‘and their decay back to visible SM particles
can be either hadronic or leptonic. Theyprocess is motivated by generic considerations of
hidden sector strong dynamics. It. also appears in the discussion of neutral naturalness [48].
Current studies have been focuising on'the Higgs decays into a pair of twin glueballs [49-54],
but this is only a subclass of thesgeneric 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 [55], e.g.,
Naturalness [56], electroweak seale as a trigger [57], and delayed or non-restored electroweak

symmetry [58-61]

2. 7 Exotic Decays via Dark Sector

Beside the exotic decays of the 125GeV Higgs boson, the exotic decay of the Z boson
constitutes anadditional prospect for the investigation beyond the SM physics [62]. To
refine the precision in measuring SM parameters, the forthcoming CEPC will include the
operation at the Z resonance [13, 63], expected to produce 4 Tera Z bosons.

Notably, within the context of the model under consideration [46], there exists an exotic

decay mode Z — ¢ x{'~y, which results in a final state characterized by a pair of leptons
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FIG. 9: Left: The Higgs exotic decay h — SH# G —>.€+X£_X, mediated by off-shell
charged scalars S*, probes the Higgs portal coupling Ays (Eq. 3) and the fermion portal
coupling y, (Eq. 2). Since the cross sectionior the DM annihilation process xy — £~
scales as y}, we fix y, = yi! to satisfy the thermal DM relic abundance for each point in the
(ms, my) 2D plane. The dashed red linesieorrespond to fixed values of Ayg, with the
lower-left corner of each line excluded by the Higgs exotic decay searches
h — ST STE) 5 g+ 0"~ x. Rights The exotic Z boson decay Z — £+ ¢~ x, dominantly
mediated by an off-shell S% attached to the external charged lepton leg, probes the
fermion portal coupling gy (Eq\ 2)."The magenta contours show the 95% C.L. limits on v,
for each point in the, (mmgsm, )plane, derived from exotic Z — (10~ + [ searches at a
Tera-Z factory. For eachhmass configuration, the corresponding y, is used to compute the
thermal DM relic density, with the gray shaded region excluded by relic abundance

constraints. Figures taken from Ref. [46].

accompanied by missing energy. This decay channel is mediated by two distinct types of
Feysiman diagfams: 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
SF possesses a mass exceeding 100 GeV, thereby surpassing the mass of any other particle

involved, the decay width is predominantly governed by the second diagram type. This

http://cpc.ihep.ac.cn



oNOYTULT D WN =

ocouuuuuuuuuuud,DdDDDBDDADMDMNDAEDAEDWWWWWWWWWWNNNNNNNNNDN=S =2 @2 aQaaa0
VWO NOOCULLhhWN-_rOCVLVONOOCTULDWN—_,rOCVOONOOCTULDDWN=—_,rOUOVUONOOCULPMMNWN—_ODOVUONOUVPAD WN=O0

Chinese Physics C

42

100

10! =4-TeraZ

g =HL-LHC “
1073

N
o
1077
10°8 1
10-°
10710
10—11 ‘ \‘
-12
10 . ‘

FIG. 10: The reach for the branching ratio of variousiexatic Z decay modes at the future
Z-factories (rescaled to four Tera Z) and the HL-IJHC at 13 TeV with £ = 3 ab™! [62]. The

sensitivities, in general, generally also de n model parameters, such as the masses of

the mediator and dark matter. take the best case for each category.

this upper bound is sens e mass parameters m, and mg. In the right panel of
Fig. 9, the 95% C. t on y, is represented by the region above the magenta
contours. This con ompared with the requirement for y{" derived from thermal
relic considerati bmes apparent that, under the Tera Z framework, DM candidates
with a mass W eV are excluded by the search for the exotic decay Z — e~ ey,
as theoreti ﬁ ceeds 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
su e ound for scenarios with large scalar mass mg, compared with the constraints
impesed 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-
are proportional to yzlmg‘l, the exclusion boundary can be extended horizontally to

ubstantially high values of mg. Consequently, this provides a robust constraint for the DM
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X

FIG. 11: The one-loop induced Higgs invisible decay (from Ref.[46]). The cross-diagrams

for Majorana fermion y are not shown here but are includedrin.the calculation.
~

model.

Besides the specific exotic Z decay channel above, Refin[62] has studied a broad range of
dark sector models and model-independent exotic Z decaychannels at future ete™ 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 (ALPs). Focusing ongehannels motivated by the dark sector models, an
independent model study of the sensitivitiessof Z-factories is also carried out. The results are
compared with the reach of high luminosity GHC (HL-LHC). The final states of the exotic
decays are categorized according to themumber of resonances and possible topologies. The
projected reach for those chanmels is shown'in Fig. 10. In comparison with the HL-LHC,

the future Z-factories can be more sensitive to many interesting decay modes.

A S

F. Higgs exotic invisible decays

The Higgs invigible decayh — xx is induced by the two Feynman diagrams at one-loop
level listed in Fig.\11, and is similar to the Higgs to neutralinos decay in the SUSY models
[64—67]. Due'to the small lepton mass, the first diagram is usually negligible.

The most stringent constraint on the branching ratio for the invisible decay of the Higgs
boson i8 Br(h &> inv) < 13%, ascertained by the ATLAS Run-II with an integrated lu-
minosity ofik39 th~' [68]. Projected advancements at the HL-LHC anticipate an enhanced
sensitivity for the detection of invisible Higgs decay, with expectations set around 3.5% [69].
Furthermore, at the future et e~ colliders such as the CEPC, the sensitivity could be refined
to approximately 0.1% with 20 ab™" integrated luminosity at its Higgs operation [13, 14].

Anticipated data from forthcoming collider experiments can set limits on y?\zg, depend-
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FIG. 12: Left: The Higgs portal coupling Ags (Eg. 3)sand the fermion portal coupling v,
(Eq. 2) can induce the Higgs invisible decay h /= X atiofie-loop level. Constraints on the
coupling combination yZAyg are derivédyfrom searchés for invisible Higgs decays at the
LHC, HL-LHC (BRj iy < 3.5%), and'€EPE. (BRy,_iny < 0.3%). The recent CEPC
Technical Design Report (TDR) [14]sprejectsian improved limit of BRy, iy < 0.07% with
an upgraded integrated luminosity of 20vab~" during Higgs operation, which could further
tighten the bound on y7Ays by afactor of two. Right: For each mass point (mg,m,), the
fermion portal coupling y, is Set to itsithermal value yiP, as required by the observed dark
matter relic abundance. £onstraints on the Higgs portal coupling A\yg are then derived
using the CEPC limit on ghe invisible Higgs branching fraction Br(h — inv) < 0.3%.
Figures from Ref.[46].

ing on the scalar mass mg and the DM candidate mass m,. In the left panel of Fig. 12,
one can obsgrve 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 y7\ys = 1 and
yidns = 10, re§pectively. It is shown that the prospective ete™ collider exhibits superior
sensitivity im-eomparison to the hadron collider alternatives.

Turning to the right panel of Fig. 12, the Yukawa coupling vy, is calibrated to its thermal
value y§", which is requisite for satisfying the DM relic abundance criteria. By fixing the
values of mg and m,, the future sensitivity to Agg can be extrapolated utilizing the projected

CEPC sensitivity for the invisible Higgs decay branching ratio, Br(h — inv) = 0.3%. The
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resulting sensitivity contours are illustrated accordingly. A notable characteristichis 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 my,. As m,
diminishes further, the thermal value y{® increases to compensate the annihilation eross-
section, thereby restoring and even enhancing the sensitivity to Aggtt Consequently, the

optimal sensitivity for Agg is achieved in regions of small mg and moderate .

G. Decays into Long-Lived Particles
1. Higgs exotic decays into Long-LivedyParticles

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). Recent
comprehensive studies have provided valuable insights into key areas that could enhance
our understanding of the potential of thesxCEPC to observe long-lived particles through
Higgs boson decay.

Ref. [70] investigated the possibility of neutrally charged LLPs being produced through
the exotic decay of the Higgs beson. By analyzing the process ete™ — ZH, where the
Z boson decays inclusively and the Higgs boson further decays into LLPs (X; and X5),
the study has employed advanced machine learning techniques to analyze an integrated
luminosity of 20 ab™!. These LLP§ can decay into either a neutrino pair or a quark-antiquark
pair, leading to distinet final states that were identified using Convolutional Neural Networks
(CNN) and Graph/Neuzal Networks (GNN). The findings have provided constraints on the
branching ratiofof Higgs boson decay to LLPs, offering a new observation on the Higgs
boson’s decay characteristics.

Furthermore, Refi [71] 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 subsequently 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 results within
the framework of the Higgs-portal Hidden Valley model and neutral-naturalness models.

Ref. [72] looked into displaced-vertex signatures of scalar LLPs pair-produced from exotic

http://cpc.ihep.ac.cn



oNOYTULT D WN =

Chinese Physics C

46

Higgs decays has also been a significant focus. The study has examined two theoretical
models, including a Higgs-portal model that predicts a very light scalar bosen h,, 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, Ref. [73] addressed the sensitivity reach to massiverLLPs within the context
of the Hidden Valley model, where the Higgs boson decays!inte tw? long-lived Hidden-
Valley particles that subsequently decay into b-quarks. The researeh has also investigated
the sensitivity to long-lived dark photons produced in Higgsstrahlung events via the Higgs
portal, h — vpyp. The high statistical significance data generation at the CEPC, combined
with the advanced 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

discussions can be found in Section VII.

2. 7 exotic decaysuntorLong-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.

Ref. [74] examined the sensitivity of the CEPC to the decay of Z-bosons into long-lived
lightest neutralinos (denoteds x¥) within the context of R-parity-violating supersymmetry.
The lightest neutralino,is predominantly bino-like with minor Higgsino components. The
research emphasizes the )\gjkLi . QjDk operators, particularly the \;,L; - Q1 D, operator,
which leads to the decay of the lightest neutralino into SM particles via a scalar-fermion
exchange. For specific eonditions, the lightest neutralino becomes long-lived, allowing it to
travel a macroscopic distance before decaying.

Besides, thefsensitivity estimation is provided for the CEPC in terms of contour curves
on a plane ofimodel parameters N,/ mfg versus mgo. It shows that for a branching ratio
Br(Z — xIx?) of 1073 and a neutralino mass of approximately 40 GeV, the model parameter

'112/mf; can be probed down to about 1.5 x 107! (3.9 x 107!*) GeV~2 at the CEPC with
al center-of-mass energy of /s = 91.2 GeV and integrated luminosities of 150 (16) ab™!.

Additionally, Ref. [75] discussed the investigation of ALPs coupled to charged leptons in
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Z-boson decays at CEPC. The ALPs are assumed to have very long lifetimes and behayve as
missing energy. The study analyzes the signal process e"e™ — p~pta and considers various
background sources. Sensitivity reaches are presented for different integrated luminosities.

Lastly, Ref. [76] studied the sensitivity of different experiments to Z-boson decaysito a
pair of long-lived neutralinos in R-parity-violating supersymmetry. ASsuming a negligible
background, it presents the sensitivity reaches of different far dete¢tor (FD.) designs at the
CEPC for a branching ratio of Z — xIx{ equal to 1073. It alsoseompares these sensitivity
reaches with those of the main detector (MD) and other experiments. Eor other possibilities
of Z exotic decays to long-lived particles, see e.g. [77, 78].

Overall, at the CEPC, the potential to probe BSM physics by studying Z-boson exotic
decays could offer insights into long-lived particlesfand their properties. More detailed

discussions can be found in Section VII.

&

H. The 95 GeV Higgs boson at the CEPC

CMS and ATLAS have performedusearches, for scalar di-photon resonances using LHC
Run 1 and 2 data. CMS observed a local.excess with 2.8 o 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 [79] (ATLAS) [80]. Using both ATLAS and CSM
Run 2 results, and neglecting'pessiblé correlations, in Ref. [81] a combined signal strength
of uSP = 0.24700% was obtained, eorresponding to an excess of 3.1 0. LEP reported a local
2.3 0 excess in the efes. — Z(¢— bb) searches [82], consistent with a scalar resonance with
a mass of about 95.4°GeV and a signal strength of p;,;” = 0.117 £ 0.057 [83, 84]. 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[81,85] it“twas demonstrated that the extension of the 2HDM by a complex singlet,
the S2HDM [86]; 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. [85] 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
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deviations w.r.t. a SM Higgs boson (see Fig. 13 left) and thus test the proposed<seenario.
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. [87]) and determine its

properties with high precision (see Fig. 13 right).
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FIG. 13: S2HDM parameter points passing the applied constraints for the di-photon and bb
signal strengths. (For the di-plioton signal strength a slightly higher value as p53° were used, as
in Ref. [85], which is not expected tochange the results in a qualitative way.) Blue (orange)
points correspond to the S2HDM /type II (IV). Left: (|cp, , 7+, [chiosvv|) plane. The green
dotted and the magenta dashed ellipses indicate the projected experimental precision of the
coupling measurements atithe HL-LHC [88] and a future e™e™ collider operating at 250 GeV and
assuming 2 ab~ ! of integrated luminosity [89], respectively, with their centers located at the SM
values. Right: (|@h,. -4 |alchosvv|) plane (where cpgyq, denotes the coupling strength relative to
the SMHiggs=beson 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. [90]. Here ¢py; 0 (Chypszz) denotes the coupling

strength of hgs(hi25) relative to the SM Higgs-boson coupling.
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FIG. 14: Br(t — bH™) for tan 8 = 2 (black), 5 (blue), 10,(red), 20 (green). The ¢ decay

into HT is larger for smaller gny+ and smaller tan 3, from Ref.[91].

I. Top.quark exotic decays

In the context of the dark“4orce model, asroutlined in Ref. [91], the decay of a top quark
into a charged Higgs boson viadhe process t — bH™ is a significant opportunity for exploring
new physics, particularly if the {harged 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. @he CEPC,avhich has the upgrading program to increase its center of
mass energy to 360&GeV afterthe Higgs operation, could potentially observe the decay chain
t—=bHT — DWW+ Z's.

Direct caleulations demonstrate that for a charged Higgs mass of my+ = 140 GeV, the
branching ratiefor 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.14.
Thissrangerof 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
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
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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 néw physics.
A study of top quark mass measurements is presented at the tf ghreshold, based on
CEPC [92]. A center-of-mass energy scan near two times the top quark massiis 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 discussedito maximize
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 expeetedsto be 9 MeV, the top
quark width precision is expected to be 25 MeV and &gican 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%e measured at a precision of 24
MeV optimistically and 57 MeV conservatively at the CEPC, depending on systematic

assumptions.

J. " Summary

Exotic decays of Higgs, Z/bosons; and top quarks provide a crucial window into novel
physics, often associated awithsHiggs' portal models or exotic effective operators. These
decays are vital for precisiondneasurements at future Higgs factories and could benefit from
machine learning technologies that enhance data analysis and exotic signal detection.

Lepton colliders likenthe CEPC are particularly well-suited for detecting Higgs boson
decays into BSM particles, which may undergo further decays into multiple particle final
states. Four/distinct decay categories are considered. The recoil mass method used at lepton
colliders allows for better separation of signal from background, compared to hadron colliders
like the LHC. CEPC’s projected sensitivity of the decay branching ratio enhancements is
expécted toreutperform the LHC by orders of magnitude, especially for channels that do
not involve missing energy. The potential of the SM-s model, where a new scalar particle
(s) mixes with the Higgs boson, is discussed. This theoretical framework addresses issues
like naturalness and dark matter interactions, which may address the hierarchy problem.

A notable hadronic decay, h — ss with s further into quarks, which is difficult to detect
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at the LHC, can be studied more effectively at the CEPC due to its cleaner experimental
environment and greater sensitivity. The exotic decays of the Z gauge boson/at future Z-
factories have been briefly discussed in this section, highlighting that many deeay channels
share similar features with exotic Higgs decays. Like exotic Higgs decays, the. CEPC offers
an improvement of several orders of magnitude in sensitivity to exotictZ decays, making it
a major physics objective at the CEPC.

Moreover, Supersymmetric extensions, such as the NMSSM andseNMSSM, are examined
for their ability to generate exotic Higgs decays, including invisible deays into dark matter
candidates like neutralinos. The CEPC’s capabilities in probing sueh decays, particularly
final states like h; — 47, exceed those of the HL-LHC 4with only 0.26 fb=!. Additionally,
the potential existence of a 95 GeV scalar boson i§ discussed, as suggested by excesses
observed in CMS and ATLAS data from Run 1 and Run 2 of the LHC. This possible BSM
particle, described within the S2HDM model, represents @ gauge-singlet scalar that mixes
with the SM Higgs boson. The CEPC gould provide precise measurements to confirm or
refute the presence of such a particle. Finally, exotic decays of the top quark, such as
t — bH™, where the charged Higgsdecays into, dark-sector particles like dark gauge bosons,
are discussed. The CEPC, particularly at higher energies, presents an opportunity to detect
these decays and investigate new physics related to the top quark’s interactions with the
dark sector. This section alsofdiscusses Higgs and Z boson decays into long-lived particles
(LLPs), which travel before decaying into visible SM particles. Lepton colliders like the
CEPC, with high luminosity, are well-suited for such searches. Future Z-factories (e.g., Giga
Z, Tera Z) offer unique capabilities in detecting LLPs, which will be discussed in detail in
Section VII. Invisible'Higgs.decays into dark matter candidates are also explored, with the
CEPC expectedito improve LHC constraints by an order of magnitude. Advanced machine
learning techmniques, such as convolutional and graph neural networks, enhance sensitivity
to these exotie/decays.

Overall, the CEPC offers extensive opportunities to explore exotic decays and probe BSM
physies threugh precision measurements and improved detection capabilities, positioning it

as'a critical tool for advancing particle physics.
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V. ELECTROWEAK PHASE TRANSITION AND GRAVITATIONAL WAVES

A. Introduction

The nonzero vacuum expectation value (vev) of the Higgs field spontaneously breaks
the electroweak gauge group SU(2);, x U(1)y, thereby giving mass to.the W= and Z gauge
bosons as well as the fermions in the Standard Model (SM). At sufficiently high temperatures,
however, thermal quantum corrections involving the particles it the early universe plasma
change the shape of the Higgs potential such that — in a purely'Standard Model universe
— the minimum of energy lies at the origin with (h) = 0 and EW symmetry restored[93].
The history of the Higgs vev evolution from its value inthe early Universe to today’s
(h) = vgw = 246 GeV, and the associated EW symmetry-breaking transition', is not only
of considerable interest but also of utmost impertance. In particular, the occurrence of
a first order electroweak phase transition (FOEWPT), i? sufficiently strong, can provide
the necessary preconditions for generatingi,the cosmic matter-antimatter asymmetry via
electroweak baryogenesis and as a source ofipotentially observable gravitational waves. A
FOEWPT may also impact the nature andsdynamics of the dark matter.

In the SM, the Higgs vev (h) smoothlytransits from zero to vgw as the Universe cools
down. Lattice simulations indicate that for m;, 2 70 GeV, this transition is a smooth
crossover [94-96]. However, {in the presence of new physics beyond the SM (BSM), (h)
can undergo a discontinuous Hhmp known as a first-order electroweak phase transition
(FOEWPT) [97]. 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, comverting the Universe from the old false vacuum to the new true
vacuum.

While the existenge of.a crossover transition cannot be ascertained within a purely per-
turbativedframework using the Higgs potential, for purposes of intuition it is still useful to
compare the first order transition with the relatively “smooth” second order phase transi-
tion. These two different patterns of electroweak phase transition are illustrated in Fig. 15.

The top left panel shows the thermal evolution of the Higgs potential in the presence of a

! Following the Ehrenfest classification, we distinguish bona fide phase transitions, characterized by dis-
continuities in derivatives of thermodynamic quantities, from smooth crossover transitions devoid of such

discontinuities.
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FIG. 15: Ilustration of electroweak d};ase trangition patterns. Top: in the SM, the
transition is a smooth crossover. Bottom: m;nﬁany new physics models, the scalar potential

exhibits a barrier, allowing for{a FOEW@ with bubble nucleation and expansion.

second order phase transition, while the bottom left panel sketches the FOEWPT in the
presence of new physics beyond the SMi The right panels illustrate the corresponding space-
time evolution from the symmetric te broken symmetry phases. The picture for a smooth
crossover would be analegous to that of the top right panel. The underlying reason for
a FOEWPT is the existence of a potential barrier that forbids a smooth transition. One
should keep in mind, however, that the presence of a barrier in the potential is a necessary
but not sufficient condition for a FOEWPT. For m;, in the vicinity of the “critical Higgs
mass” ~ 70/GeV, infrared contributions to thermal loops render the aforementioned per-
turbative deseription of EW symmetry-breaking invalid. The latter may occur via a smooth
crossover even in the presence of a perturbative thermal barrier in the potential. Below, we
highlight récent developments in non-perturbative studies of the EWPT in BSM scenarios
and their relevance to future CEPC measurements.

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 facilitating

electroweak baryogenesis to generate the matter-antimatter asymmetry (see Ref. [98] for a
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review). During this process, elementary particles engage in CP-violating scatterings, with
the bubble wall, ultimately resulting in the creation of a chiral asymmetry, which isithen
converted into a net baryon number by electroweak sphalerons. Thesbaryon asymmetry
is subsequently swept into the true vacuum through bubble expansion, and stored wuntil
today [98-111]. This mechanism has been the primary motivation forstudying FOEWPT
over the past several decades.

Furthermore, first-order phase transitions generally generate stochastic gravitational wave

~
(GW) backgrounds through bubble collisions, sound wave motion, and turbulence in the

plasma [112-116]. A FOEWPT, which typically occurs at 7" ~1100 GeV, sources GWs that
peak at frequencies of O(mHz) today [117-119]. These frequencies fall within the sensitivity
range of several near-future space-based detectors, such assLISA [120], TianQin [121, 122],
and Taiji [123, 124], and hence will be efficiently probed in the next decade. As we discuss
below, the EWPT constitutes an ideal “laboratory”’s forsstudying FOPT-catalyzed GWs as
collider studies provide a complementary,probe of the underlying particle physics. Such
complementarity may not be available for G Wsiassociated with other scales, such as those
detectable in pulsar timing arrays.

Additionally, recent studies suggest that first-order cosmic phase transitions, including
FOEWPT, could be crucial in"generating dark matter and matter-antimatter asymmetry

through various processes as follows.

N
1. It could impact the dark matter production, decay and annihilation via the sudden

change of partiele massibefore and after the phase transition [125-128].

2. The interaction between the bubble wall and particles in the plasma can produce

superheavy particles to be dark matter or generate the matter-antimatter asymme-

try [129-134].

3. Due to the mass gap between the two sides of the bubble walls, phase transitions can
filter .particles to form superheavy dark matter [135-138], or trap particles to form

solitons or even primordial black holes (PBHs) [139-151].

4."The bubble collision or over-densities arise from the randomness of bubble nucleation

can collapse to PBHs [151-162].
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As mentioned above and illustrated in Fig. 15, 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 Vi (h,T'), which originates from physics
beyond the SM. This barrier may prevent a smooth transition from the false vacuum te the
true vacuum, necessitating a thermal tunneling process known as FOEWP'T'. The probability
of this tunneling is determined by the vacuum decay rate [163]. Ongé the decagrate exceeds
a certain threshold, bubbles begin to form, leading to FOEWP'L:

It is useful to characterize the possibility of a FOEWPT in terms\of both the thermal
history of EW symmetry breaking and the underlying particle physics. In terms of the
former, Fig. 16 displays three generic thermal historiés in the presence of a new scalar
field ¢. The latter may either by charged under SM gauge,.symmetries or a gauge singlet.
Fig. 16(a) indicates a one-step transition from the symmetric phase to the present Higgs
phase. Fig 16(b) gives a two-step transition history, wherein the universe first goes to a
phase associated with a non-zero vev forgg.followed by.a subsequent transition to the Higgs
phase. Fig. 16(c) indicates a one-step transitiomto a mixed-vev phase.

The particle physics driving the FOEWPT in these scenarios can be categorized into
four types based on the source of the potential barrier [165]: I) thermally driven, ITA) tree-
level with renormalizable operators, I1B) tree-level with high-dimensional operators, and I1I)
zero-temperature loop-driven/ Each fype encompasses numerous new physics models with
diverse cosmological implicationssand phenomenological signals. Types I, IIB, and III are
particularly relevant to the one-step transitions of Fig. 16(a), while type ITA is more germane
to the thermal histories of Figs. 16(b,c). As we will see in the following subsections, the
CEPC can efficiently probe type-11B via Higgs precision measurements, and type-I, type-ITA
via both precision Higgs measurements and Higgs exotic decay.

Collider experiments provide an efficient approach to probe the underlying physics of the
barrier and,test themature of the electroweak phase transition and also the associated new
physics  mechanisms with baryogenesis and/or dark matter. The typical phenomenology of
FOEWPT ineludes the on-shell production of new particles or deviations in the properties
of the Higgs boson [164]. Importantly, the globally envisioned future collider program,
including the high luminosity LHC as well as future lepton and hadron colliders, is capable
of providing a (nearly) definitive test of BSM-induced FOEWPT scenarios. The fundamental

reason is that EW symmetry breaking in the Standard Model occurs at the “electroweak
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FIG. 16: Representative thermal histories allowing for a first order electroweak phase
transition to the present Higgs\Rhase at the electroweak temperature Tgy in the present of
an additional scalar ¢: (a) a @ne-step transition arising from thermal loops containing ¢ or

zero-temperature, higher dimensional operators induced by ¢ and/or other new particles;
(b) a two-step tramsition fizsthat temperature T} to a phase in which ¢ obtains a non-zero
vev, followed by a first order transition the Higgs phase; (¢) a one step transition to the

Higgs phase in which ¢ also obtains a non-zero vev (adapated from Ref. [164]).

temperature” Tgw ~ 140 GeV. Any BSM physics that changes the transition from a smooth
crossover intora FOEWPT cannot be too heavy with respect to Tgw and cannot couple too
feebly to the Higgs boson. Generic arguments imply that the mass of the new particles
responsible for a FOEWPT should be < 700 GeV and that the magnitude of associated
changes in Higgs boson properties larger than O(1%)[164]. While exceptions occur, the vast

majority of model-specific studies bear out these generic expectations.
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One example is the gauge singlet scalar extension of the Standard Model (referred.to as
the xSM, falling into type-IIA barrier). For seminal studies, see Refs. [166-172] and Refi[164]
for a comprehensive set of references. The xSM exhibits a rich collider, phenomenology as
well as correlations, including complementarity between high-energy collider, searches for
di-Higgs/di-boson processes and GW measurements [173-178]. Similatianalyses have been
conducted for other models, such as the Georgi-Machacek model [179; 180], thesinert doublet
model (IDM) [181, 182], the dark gauged sector [183], etc. See Refa164] for a more extensive
references to the extensive literature and studies in other models. Belo; we highlight recent
xSM studies particularly relevant to the CEPC.

The LHC can investigate new particles associated withythe 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
measurements. CEPC can accurately determine the préoperties of the Higgs boson, in-
directly providing insights into FOEWPET. Notably, deviation in the couplings involving
the Higgs boson (WWW, hZZ, and h*) may indicate potential dynamics associated with
FOEWPT [173, 177, 179, 180, 184=191] . Furthermore, under certain circumstances, the
CEPC can effectively explore scenarios involving light new degrees of freedom, potentially
leading to their discovery. The CEPC presents a particular opportunity to search for exotic
Higgs decays into new light scalars associated with catalysis of a FOEWPT. Subsequent
subsections will delve into diffesent FOEWPT scenarios, with a particular emphasis on their

interplay with the CEPC.

B. Higgs precision measurements

The Higgs couplingsican be influenced by new physics associated with the FOEWPT
barrier. Reecent studies demonstrate that Higgs factories can effectively investigate FOEW-
PTs in various §eenarios [164, 187], including the general and Zs-symmetric xSMs (type-I1TA
barrier), thewreal triplet scalar extension (type I and type-ITA), stop-like scalar and heavy
fermion extensions of the SM (type-I barrier). The correlation and complementarity be-
tween 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.
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FIG. 17: Discontinuity in the Higgs vev (w) atithe critical temperature (7.) as function of
the doublet-singlet mixing angle #in.the real scalar singlet extension of the SM (xSM).
Blue circles (yellow diamonds) give latitice results for a first order (crossover) transition,
while blue curve is obtained from a two-loop perturbative computation using the 7" > 0
EFT framework. Black and green vertical lines indicate sin 6 sensitivities of LHC Run 2

and the CEPCyrespectively (adapted from Ref. [193] by G. Xia).

Additionally, the deviation of the h® coupling, can also be investigated. At the CEPC TDR
nominal operationdseenario,ithe o(ZH) is expected to be measured with a relative accuracy
of 0.26% [14, 192].. With recent progress in Al-enhanced reconstruction and analysis, this
accuracy is expeceted to. improve significantly. Therefore, in the following discussion, we
present the phase space coverage not only assuming the relative uncertainty of 0.26%, but
also comsideringan aggressive scenario of 0.1%.

Here, weillustrate the precision Higgs measurement probes of the FOEWPT using two
explicit models as well as the SM effective field theory (EFT). Starting with the xSM, a
combination of thermal effective field theory (EFT) and lattice studies have refined the
confrontation between theory and experiment [193]. A key quantity that connects the phase

transition and collider phenomenology is the singlet-doublet mixing angle, #. Fig. 17 shows
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the discontinuity in the order parameter (¢'¢) as a function of the sinf. The solid, lines
show the relationship as derived from perturbation theory, while the dots give the results of
lattice simulations. The latter indicate for sufficiently small | sin 0|, the transition is a smooth
crossover, whereas perturbation theory always implies the presence of .a FOEWPT) The
vertical lines show the sin 0 sensitivities of the HL LHC and CEPC, with‘the latter dominated
by measurements of the associated production ete™ — ZH cros§ section. sImportantly,
the perturbative computations imply that there would always _be asignificant portion of
FOEWPT-viable parameter space inaccessible to the CEPC; Where;s the lattice results
indicate otherwise. For larger (smaller) values of the Higgs pertal¢oupling, the value of
|siné| at the crossover-FOEWPT boundary decreases (increases).” In short, the state-of-
the-art theory suggests that for the singlet-like scalar/beingcelatively heavy, precision Higgs
studies at the CEPC will provide a powerful test of the xSM FOEWPT when the latter is

connected to non-vanishing singlet-doublet mixing. &

The interplay between the High Energy. Frontier experiments—i.e., the LHC, HL-LHC,
and future electron-positron Higgs factories*—and future GW probes is illustrated in Fig. 18
(adapted from Ref. [178]), which shiews.the xSM phase diagram in the sin #-portal coupling
(ag) plane. The pink region gives the two-step EWPT viable region, while the purple band
indicates the LISA sensitivity for.a signal-to-noise ratio > 5 level. The dashed curve shows
the exclusion reach for resonant di-Higgs production at the HL-LHC in the bb77~ channel.
The vertical line indicatessthesCEPC sensitivity to sin @, which significantly extends the
reach as compared to the HE-LHC. In the event of a GW observation, and assuming the
xSM is realized in nature, oné‘could either anticipate a CEPC discovery of a significant
singlet-doublet mixinghor identify the narrow region of xSM parameter space consistent

with both sets of experiments.

Combinationsof lattice and thermal EFT studies have also been recently carried out for
the real triplet scalar extension, or XSM [194, 195]. A SFOEWPT may arise via either
thermal effects{in the one-step case or tree-level barrier in the two-step case [Fig. 16(b)].
The'e'SM canralso modify Higgs boson properties via loop effects in both the A — v+ and
eter — Zh processes. The relevant parameters are the triplet scalar mass, My, and portal
coupling Az. As indicated in Fig. 19 (adapted from Ref. [196]), the associated production
process ete~ — Zh provides a particularly powerful probe of the one-step FOEWPT region,

indicated in red. Assuming a ~ 0.25% determination of the cross section, the CEPC could
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Below, we W. se the SM effective field theory (EFT) as a representative example of
the type-11B barrier/to s

probe all of the OEWPT-viable parameter space in this scenario for new physics.

ow the correlation between the Higgs trilinear coupling and the

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

Higg ntial can be derived from the dimension-6 SM EFT framework, as indicated
188, 197].
Ll Ay Y
V(h)—2uh 4h +8A2h. (4)
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FIG. 19: Sensitivities of (a) the CEPC measurement of o(Zh) with 0.25% precision (light
blue) and (b) HL-LHC determination ofithe:Higgs diphoton decay rate at 6.8% precision
(light brown) to the FOEWPT in the real triplet extension of the SM. Vertical and
horizontal axes give the doublet=tripleticross-quartic coupling and triplet mass,
respectively. Red region indicates a single'step FOEWPT (adapted from Ref. [196] by G.
Xia and J. Zhou).

This potential has been agsociatednwith various new physics models such as inert singlet,
doublet, triplet, or composité Higgs models [186, 188, 197]. Notably, the FOEWPT predicts
a discernible deviation of.the tri-linear Higgs coupling compared to the prediction of the SM.
At the one-loop lével, the deviation of the tri-linear Higgs coupling d, could be obtained as
on € (0.6,1.5), whieh could be tested by the precise measurements of the cross section of
ete” — hZlat CGEPE [186, 188, 197] as shown in Fig. 20. As the golden channel of Higgs
factory, therhZ preduction rate has been calculated very precisely, including one-loop and
two-loop, quantum corrections. Here, we refer o33 to the most state-of-the-art calculation
of AZ produetion in the SM [198, 199].The cross section of the hZ channel oz could be
meagured with an accuracy of 0.25% at CEPC. We define the deviation of cross section of

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

oony = — 1.

SM
Ohz
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FIG. 20: The observational abilities of different experiments for the FOEWPT in the
SMEET.
In general, the operator Qg = |H|® contributes to the hZ cross section through loop

PARN 2
corrections. Other dim-6 Operators, e.g. Oy = %((9“|H|2)2 and Or = %(HTD#H) :
contribute to the hZ production @t tree-level. At a lepton collider with a center of mass

energy /s = 250 GeV, the highdimension operators’ contribution to the hZ production is

approximately givensby

60hZ ~ (026CWW -+ 0.0ICBB + O-O4CWB — OO6CH — 0.04CT
10.74¢ 1+ 0.28¢%) 4 1.03¢% — 0.76cg) x TeV? + 0.0165;. (5)

The contributiéon d, 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
e, leading to a substantial contribution of 0.96% — 2.4% to dopz. Importantly, the current
experimental constraints on cg are practically non-existent. Secondly, compared to other

dimension-6 operators, the coefficients of which face stricter constraints, c¢g stands out as
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being less constrained. As such, the contribution §, cannot be disregarded. Therabove
study demonstrates that the possibility of FOEWPT induced by the |H|® operator remains
viable and consistent with current experimental data. The investigation intosthe dim-6
operators generated in three scalar extension models can be applied to a.wide.range of.new
physics models [188]. Typically, a FOEWPT requires an Higgs portal éoupling 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 originatimg from strong dynamics,
the coefficients of dim-6 operators can be estimated using naive dimeEsional analysis. The

estimated coefficients of dominant CP-conserving operators are presented below:

1 1 1 A? 1

CWWNCBBNCWBNPNW7 CHNCTNF, C6N—F——W'

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

1 1
or equivalently 6.91 TeV < f < 11.18 TeV.

089 TeV)? =~ = (055TeV)2:
The coefficients cyww ppwp,nr are consistent with current experiments if the scale f is
within the above range. Using Eq. (5)ymwe find doy,7 ~ 0.1% without the ¢, term. The
FOEWPT condition requires 0.6 < ¢, < 1:5. Therefore, including the 9, contribution yields
donz in the range of (0.96 — 2.4)%, which could be probed at future lepton colliders, such
as the CEPC.

Another important prediction 6f-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 Fign 21, the 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 conmected with the electroweak baryogenesis [186, 188, 197].

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
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Fig. 21: General prediction of hZ cross section deviation to SM and its corresponding GW
signals in the SMEFT under the condition of FOEWPT [186, 197].

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 exploqad in research on the xSM (i.e. real singlet expansion of the
SM), where the potential barrier ¢an be thermally driven (type-I) or tree-level driven with
renormalizable operators (type-IlIA) [53, 200, 201]. In this scenario, when contribution of
the singlet s to theqpotential has a Z, symmetry, or when s has a small mixing angle 6 with

the Higgs bosonsh, the exotic decay h — ss partial width can be expressed as

a2v? 4m?2
['(h — ss) ~ —2EW  J] - =3 6
( 55) 32wmy, m3’ (6)

where my, = 125 GeV is the Higgs mass, my is the singlet mass, and a5 is the Higgs-portal
coupling of L D —ash®s?/4. On the other hand, the necessary condition for FOPEWPT
requires [201]

= Zp-0dd s;
Vi
a2 > m2 A (7)
5———, small mixing s, with A 2 0.6 —0.8.
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FIG. 22: Updated version of figure from Ref. [53], 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 futtire projections. The s — SM decays are assumed
to be mediated by h-s mixing [202]. The expected HL-LHC reach for exotic decay
branching ratio (4% [203]) and thesstatistical limit of 4.3 x 10° Higgs at future lepton
colliders are shown as upper and lower herizontal dotted lines, respectively. The FOEWPT
parameter space is shown in brown and light blue shadowed regions for various
benchmarks [200, 201]. Dashéd lines are the projected reach of future lepton colliders. See
~oothedext for the details.

This clearly shows therelation bétween FOEWPT and Higgs exotic decay.

For a Zs-symmetzic potential, the h — ss process leads to the Higgs invisible decay. If
s mixes with A, then the decay chain would be h — ss - X XYY where X and Y denote
SM particles.#Recentiresearch, summarized in the left panel of Fig. 22 from Ref. [53], has
constrained the FOEWPT parameter space using data from LHC searches targeting specific
final stafes, namely XXYY = ptuptp~, ptp-rtr=, vtr—rtr=, bbutp~, bbrtr~, and
bbbb. Theparameter 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

bosong(blue region)?. These bounds assume that the decays s —+ XX and s — YV

2 These regions have been obtained from perturbative treatments of the phase transition. The recent lattice
study of Ref.[193] suggests that the portions of these regions associated with very small Br(h — ss) likely

correspond to a crossover transition rather than a FOEWPT.
http://cpc.ihep.ac.cn
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are mediated by the mixing between the Higgs boson h and the new scalar boson s with
branching ratios obtained from Ref. [202].

Projections for the HL-LHC are presented in the right panel of Fig, 22. Although the
dominant decay channel for s is s — bb when m, > 10 GeV, the reach ofithe b-relevant
channels is constrained due to the large multi-jet background at the LHC. However, lepton
colliders like CEPC can effectively measure this channel because of/the clean gollision envi-
ronment. For example, CEPC operating at /s = 240 GeV withsamnintegrated luminosity
of 5 ab™! enables probing of the bbbb channel through associated proEuction ete” — hZ,
achieving a branching ratio sensitivity down to 1073, This coverage#xtends to a substan-
tial portion of the FOEWPT parameter space, as depicted. by the dashed and dotted lines
in the right panel of Fig. 22 (from [34] and [204], gespectively). A similar sensitivity is
found in an ILC-related research [39]. Additionally, \CEPC exhibits improved sensitivity
for the 7777777~ channel compared to the HL-LHC, pawrticularly for 4 GeV < m, < 10
GeV [38]. This is demonstrated by theorange dashed line in Fig. 22. By combining the
bbbb and 777717~ channels, CEPC has the petential to probe almost the entire FOEWPT
parameter space for the general xSMywith a mixing angle sin# = 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. [205]. 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 and real triplet extension
as examples, 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 leptonéportal dark matter models [46, 206-208], can also induce FOEWPT, and the
corresponding parameter space can be probed by the h — STS~ decay [46]. Furthermore,
the GEPC precise measurement on the Higgs CP property also helps to identify the BSM CP-
violating phase [209-212], 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 accounting for the nano-Hertz GW excess [213].
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VI. DARK MATTER AND DARK SECTOR

There is substantial evidence for the existence of Dark Matter (DM) froniastrophysical
and cosmological observations. However, its particle nature remains unknown and awaits
exploration. Conventional dark matter candidates, such as Weaklylnteracting Massive
Particles (WIMPs), have significant couplings to Standard Modelparticles;ywhich enable
the thermal freeze-out mechanism and result in the correct relic abundance [214, 215]. This
has motivated searches for DM at high-energy hadron and leptof colliders, aiming to produce
DM particles directly. These searches target both heavy DM particles up to the TeV scale
and lighter ones down to the GeV scale. Collider sear¢hes offer @ complementary cross-
check to direct and indirect search experiments. Adrecent ecomprehensive review of DM
phenomenology can be found in Ref. [216] and théreview of DM collider phenomenology
can be found in Ref. [217]. .

Recently, a new class of models has garnered Ssignificant attention within the scientific
community, proposing that DM does not dire¢tly couple to SM particles but resides in a
“dark sector” (or “hidden sector” )o[248]. The dark sector interacts with the SM through
portal particles, which could have tiny €euplings to the SM sector to evade the null results
from the direct detection, but'still could provide the DM right relic abundance. Thus, for
these interactions to enable sécluded annihilation for DM relic abundance, the mass of the
portal particles must be smallerthan that of the DM particles. Due to their feeble couplings
and low masses, these portal particles are ideal targets for searches at the luminosity frontier.
Electron-positron colliders suehras CEPC and FCC-ee, which function as high-luminosity
W, Z, and Higgsboson faetories and offer cleaner experimental environments compared
to hadron colliders, are well-suited to search for these feebly interacting portal particles
[13, 192]. For example, the CEPC can search for exotic decays related to the dark sector
in both Z andMiggs decay events, as discussed in Section IV E. Additionally, the CEPC is
capable of searching for various DM particles, including those predicted by supersymmetric
models; scalarportals, lepton portals, and gauge mixing portals. It can also investigate DM
particles with millicharge, electromagnetic form factors, and those described by effective field
theory (EFT) frameworks. The simplified models typically used in the LHC new physics

searches can be found in Ref. [219].
The phenomenology studies of DM and dark sector particles at the lepton colliders have
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’ Portal ‘ Effective operator ‘\/5 [GeV] ‘ﬁ[ab‘l} ‘ Sensitivity of CEPC (HL-LHC) Figs. ‘ Ref. ‘
Scalar | Agp|H|2S? — scalar mixing sin 6 250 5 invisible S, sin 6 ~ 0.03 (0.20 global-fits) 23 |[220]
vexrSTer + Hee. 250 5 covering 100 GeV < mg < 170GeV 24 | [46]
Fermion n@&@R + H.c. (dark QCD) 250 5 mg ~ 10 TeV for cTyarkpioft € [1, 103] cm (Null) 26 |[221]
y®Frlp + Hec. 240 5.6 vy, € 1071 1077] (< 1078~ 1079) - [222]
Al (eeJbm + 9DXV*X) 250 5 €~ 1073 for gp = e and m 4/, < 125 GeV. (e~ 0.02 )|27, 28 |[220]
250 5 € ~ 0.1 for my ~50.GeV

eAuxy*x, (millicharge DM) 91.2 2.6 € ~ 0.02 for my ~ 5 GeV - |[223]

Vector

160 16 € ~ 0.5 for m, ~ 10 GeV
%MX)ZO'HVxFHV + %dXXU‘w75XFuV 91.2 100 Py, dy ~ 4 x 107744 % 10_\6)u3 for m, < 25GeV 29 |[224]
—a XY Y2 X0Y Fpuy + by X" Xx0" Fpu 240 20 @y, by ~ 1076 (2% 1079)GeV2 for m, < 80 GeV
Az 20 (vl = 75)x) (Cy* (1 —v5)€) | 250 5 A2 TeV (myf= 0) (Null) 30 |[225]
EFT A%)’(’yufysxl;y“'yg,ﬁ 250 5 Ag 1.5 TeV (Null) 31 |[223]
A
1 /= _
. — (eT'ye) (7T xL) + Hec.
2i a7 (el 240 20 A Rl TéV (my = 0) (Null) 32 |[226]
Tp = 1,9 Yus VY5, O

TABLE V: Recent results from the CEPC studyson dazk sector signals. The first column
lists the signal signatures, the second column presentg the corresponding relevant
operators, the third and fourth columns, provide the center-of-mass energy and the
integrated luminosity. The fifth column presents the sensitivity to the coupling,
suppression scale, or branching ratios atathe CEPC. Where relevant HL-LHC sensitivities
are available, they are shown in parentheses or with Null meaning HL-LHC constraints do
not apply. The final two columns provide the corresponding figures in this draft and

references forrthe readers’ convenience.

N
been performed intensively recently. In this section, we will refer to previous study results in
Refs. [13, 192] and foecus, exclusively on recent progress in the following benchmark scenarios
to highlight the capabilities’of CEPC. We categorize DM and dark sector models based
on their portal“connections to SM, specifically: (A) Scalar portal, (B) Fermion portal,
(C) Vector portal, andy(D) DM within the EFT framework. In the last subsection (E),
we discuss-a scenario where dark matter does not require a portal but is instead directly
charged under Standard Model gauge interactions. We also examine how the loop effects
of this' DM influence electroweak and Higgs precision observables, providing constraints on
this specific model. Note that the Axion portal is specifically discussed in the later section
More Exotics XI. For each of these models, we discuss the sensitivity of the CEPC. A
summary of the sensitivity for each model, along with corresponding figures and references,

1s summarized in Table V for readers convenience.
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A. Scalar portal

The scalar portal means the DM interact with SM particles via SM scalars, such.as Higgs.
Thus, hidden sector particles can be associated with the production of Z andwH bosons at
the Higgs factory. Ref. [220] studied the reach of an ultraviolet (UV)‘model, the Double
Dark Portal model, at an electron-positron Higgs factory with /s = 250/500 GeV and
£ = 5ab'. This model includes both gauge boson and scalar portals;in the scalar portal,
there is a new dark sector scalar S with mixing angle sin « to,the SE/I Higgs. The scalar
mixing can lead to the associated production with the SM Higgss#H, boson: ZS, where
the tilde denotes the particles in their mass eigenstates. Tmythis channel, we considered the
leptonic decay of the Z boson and the dark scalar S deecay. into dark matter y, resulting
in a final state of dilepton plus missing energy ¢+ B We show the exclusion sensitivities
of this channel in Fig. 23, which provides the limits‘in thé"2D parameter space of sin a-mg

for the dark scalar. The phenomenologyifer the vector portal in this model is presented in

Section VIC1.

“.».B.. Fermion portal

Traditional WIMP DM generally come across a conflict between direct detection limit
and relic abundanee because they come from the same interaction and processes. In order
to solve this conflict, many WIMP models carefully arrange the interactions to suppress the
signals for direct/and indirect detection [227]. For instance, direct detection signals can be
tuned to ceuplé to nuclear spin, or be suppressed by small momentum transfer or low velocity
of darkmatter.{Indirect detection signals can be p-wave suppressed by configuring the initial
dark matteripair state to have an angular momentum quantum number L = 1 or by being
chirally suppressed. Therefore, collider searches become crucial and complementary, as the
DM produced at colliders typically moves at velocities close to the speed of light, rendering
the low dark matter velocity suppression ineffective. In this section, we will explore three

critical models that have been studied in recent researches.
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FIG. 23: The SM Higgs mixes with a dark'singlet scalar through the Higgs portal
coupling, parameterized by the mixing angle .. This mixing can be probed through two
complementary approaches: (1) Precision measurements of Higgs couplings at the LHC

(via global fits, shown as horizontal red linespgreen dot-dashed lines, and green solid lines)
and at CEPC (via ete™ — Zh, cross sections, represented by horizontal purple dot-dashed
and solid lines) constrain sin aidhrough modifications of SM Higgs properties (independent
of mg); (2) Direct searches for ete™ — SZ with S — inv at CEPC, employing the
recoil-mass technique similar % invisible Higgs searches, are shown as orange dashed and

solid lines. Figure taken from Ref. [220].

1. Lepton portal DM

One relevant fermionportal example for the CEPC is the lepton portal DM model [228],
in which aMajorana/DM candidate, denoted as x, couples to the SM right-handed leptons ¢
via a complex charged scalar mediator S through Yukawa-type coupling y,¥1.¢rST. Recently,
Refs[46] havesstudied the collider phenomenology and the interplay with the gravitational
wave, (GW) astronomy in an extension of the lepton portal DM model. The masses of
DM and mediator S, as well as the lepton coupling 3, and the Higgs portal coupling Ays,
which is related to the operator Ayg(S*S)(HTH), can be probed at the CEPC via the pair

production of mediators ete™ — SE*) ST — (T ¢'~y, exotic decays of the Higgs or Z boson,
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FIG. 24: Current constraints on right-handed seléetron-like (Left Panel) and smuon-like
(Right Panel) scalar S in the (mpwm, mg) plane J46]. Blacklines show CEPC projections at
5 ab™! from the Drell-Yan process ete™ — ST ST with ST — (T (allowing one off-shell
SEM). Sensitivity extends to mg > 1/s/2= 120 GeV via off-shell S*(*) contributions. The

CEPC 360 GeV operation could further'extend the constraints, complementing the

coverage to LEP and LHC exclusions.

h)Z — ST ST s f+y'—x @d h — xx, and the Higgs couplings, including hé™¢~, hyy
and hZZ. In the left and middle' panels of Fig. 24, we show the constraints of CEPC at
240 GeV with 5 ab ™ from the pair production of mediators ete~ — ST SF with the dark

scalar subsequentlysdecay intor ST — (T y.

In addition.te-the collider signals, the model might trigger a first-order phase transition
in the early Universd, provided that the mediator mass parameter p% is negative, and the
Higgs pertal coupling Ay is large enough. Therefore, the first-order phase transition can
induce significant gravitational wave signal, which can probe the parameter space of the

scalar potential couplings.

On the other hand, the scalar S can mediate 1-loop diagram with the same Higgs portal
goupling, which modifies the Higgs decay process, such as h — yx invisible channel and

h — €1t~ leptonic channels. For invisible channel h — y, the partial decay width is given

http://cpc.ihep.ac.cn



oNOYTULT D WN =

Chinese Physics C

Page 72 of 272

72

— my=1GeV — 5GeV — my=1GeV — 5GeV

— 50GeV — 60GeV

— 50GeV — 60GeV
W GWsigna W GWsigna

h = invisible @ 1-loop h = pp @ 1-loop.

— my=1GeV — 5GeV = 10 GeV
— 50GeV = 60,GeV

W GW signal

h- 1@ 1-loop

?00 200 300 400 500 600 ‘?00 200 300 400 500 600
mg[GeV] mg[GeV]

00 T 200 3007 400 500 600
ms[GeV]

~

FIG. 25: The Higgs portal coupling Ags and lepton portal ecoupling g, can induce SM

Higgs decays to dark matter pairs yx (invisible channel), u*

(=pand 77~ through 1-loop

diagrams (see Fig. 11). The lepton portal coupling y, isfixed to'its thermal value yi to

satisfy the DM relic abundance via yx — £7¢~ annihilation. Therefore, precision Higgs

measurements at CEPC constrain Ayg (shownsas solid colored lines for different m,,

values), with sensitivity to an invisible branching ratio BR(h — inv) = 0.3% and leptonic

coupling precision reach dx, < 8.7% atididr, < 1.56%. Large Ays values could generate

gravitational wave signals from first-order, electroweak phase transitions, with the gray

region showing parameter space acgessible.to future LISA observations. Figures taken from

Ref. [46].

as

2 2\ 2 2
~ Ghgamy, 4mz=\ 2 Y; AU _
L(h — xx) = A \(1 - mzx) s Ghxx N — : ; +0 (msg) : (8)

h

16m2my

Given the Higgs invisible BR sensitivity for HL-LHC around 3.5% [69] and CEPC around
0.3% [13], we show thesensifivity reach for HL-LHC and CEPC on the coupling Apsy; as

2D function of mg.and m, in the right panel of Fig. 24. For example, with m, = 40 GeV
and mg = 200 GeV, thecorresponding constraints for HL-LHC and CEPC are Agsy? < 1.84

and < 0.54; respectively.

In Fig. 25, we show the LISA sensitivity projections and the CEPC projections for com-

parison, where we have assumed the leptonic coupling y, has been fixed by the relic abun-

danee requirement. Therefore, we can directly compare the LISA and CEPC projections on

the Higgs portal coupling A\gs, where the overlap of the parameter space reachable by the

two probes can be used for crosschecking. The procedure of Ref. [46] can be generalized

to other leptophilic WIMP models that are difficult to be probed in the direct and indirect
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detections, especially the models with scalar DM and/or mediators in which a first=order

phase transition may happen.

2. 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 shew that the abundance
of baryon and DM are roughly at the same order of magnitude (£py22585) [229, 230]. This
coincidence motivates consider the so-called “asymmetric DM?, (ADM) model [231-234].

A new ADM model has been proposed and studiedgin [221]. In this model, the dark
sector is charged under a dark QCD, SU(3)’, and the anags of DM is generated via the dark
confinement (so the DM is actually a “dark baryon”). Furthermore, to generate dark and

visible asymmetry simultaneously, we introducé a scalargmediator (labeled as @) that is

charged under dark SU(3)" and SM U(1)y. Mediator ® couples to dark quark (labeled as
¢') and SM right-handed leptons, and thus,provides a portal for us to search for.

The Lagrangian related to collider search'is
- I _
LD q(P—my)d + (D,®) (DFOh= mg®T® — 1G" G = (80¢ Ll + he), (9)

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 clusteriof dark mesons (labeled as 7). Dark meson 7’ (long-lived) will
decay to lepton pair‘viasthe & portal, and leave displaced vertex inside detector. Fig. 26
(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. 26 (right).
The mass of mediator can be excluded up to O(10) TeV, if the proper lifetime of dark pion
7' is between 10mmm and 10 m. This bound is stronger than the limit from current ATLAS

displaced lepton jet search result [235].

3. Long-lived dark scalar

Recently, vector-like leptons (VLL) as a simple extension to the standard model have

attracted widespread attention in both theory and experiments. The VLL model can include
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—— 20 exclusion limits @ CEPC / kK = 0.5
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FIG. 26: 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 x fixed to 0.5 andd:Ourespectively. The HL-LHC can only

- 4
provide very weak constraints on heavy ®4 thus are not shown here [221].

an additional dark sector scalar ¢, mediating the heavy vector-like lepton F'* mixing with
the first SM lepton generation [222]."The relevant Lagrangian in the mass basis at leading

order reads:
Ling D F(i@u —eA, +etan@uZ, )V F — mpFF — myll

1 e -
- 0;. 4, (F1""¢;, +hc)— ——0
+28iﬂ9w0089w = % 0t he) V2 sin Oy

_be (FL€R+ZRFL+QRFF—9LZ€),

¢ L(W:DL’}/NFL + hC) (10)

where the mixing parameters @7, hold the relation 6 ~ ::—b{tan Or < Or. Ref. [222]
focuses on the parameter space mp > my > my and mp > 200 GeV to avoid constraints
from multilepton and Z boson searches. In this case, the scalar ¢ can only decay to a lepton
pair £/, but £his decay is suppressed by the mass ratio (mg/mp)?, thus ¢ can naturally be
long-lived.

Regarding GEPC, one requires the lepton in Eq. (10) to be an electron. Therefore, the
elegtron-positron collider can produce a pair of dark scalars ¢¢ by exchanging F* via the
t channel, followed by subsequent decays into eTe™ pairs. Since the CEPC has a center of
mass energy much smaller than the LHC, the direct production of the heavy VLL F'is not
possible.

If ¢ is long-lived, its decay to an electron pair can lead to a displaced vertex (DV) signa-
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ture. Since there are two ¢ scalars, there could be one displaced vertex without speecifying
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. [222], where the number of signal events N = 3 is plotted. fCompared to HL-LHC
searches, the DV searches at CEPC can effectively probe low-mass m, but/are less capable
of detecting larger masses due to the lower center-of-mass energy.of C\EPC. In comparison
with the LHC, which exclude very small coupling combinations y@z through the dilepton
plus missing energy searches, CEPC shows complementarysensitivity for intermediate yf; €

[10-11,10°7].

C. Vector portal

In general, the SM vector portal for DMhinvelve the neutral mediators, the Z boson and
the photon (), consistent with theffaet.that DM is neutral. In this section, we will consider

these cases separately.

1.  Dark sector particles from gauge boson associated production

N

In the Double Dark Portal model, the vector portal features a new U(1)" vector gauge
boson K with kinetic mixing parameter ¢, with the fermionic dark matter x coupling to the
U(1)" vector [220]4 These new gauge portal interactions can lead to the following associated
production with'the SM Z boson: ZK and K. For the ZK channel, we considered the
following dedays: .one where Z — 00 and K — Yy, resulting in dileptons plus missing energy:
and another where Z — (0 and K — 0, resulting in a four-lepton final state. For the vK
channel, we codsidered several decays: first, using the recoil mass method to look for K
inclusive deeay; second, K — 0, resulting in dileptons plus one photon final state; and
third, K — ¥, resulting in a mono-photon final state.

The corresponding exclusion sensitivities of these channels are shown in Fig. 27, which
provide the limits in the 2D parameter space e-mg for the dark vector. In Fig. 28, we com-

pare the collider sensitivity with dark matter detection and indirect detection experiments,
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FIG. 27: Projected exclusion regions at GEPC for/the kinetic mixing dark photon model in
the € vs. mg plane, where K, Z, and A represent the dark photon, Z boson, and photon
(mass eigenstates denoted by tildes in the figure). Shown production channels include:
KA = Fry, KA— (0, KZ — P, and KZ — (*¢~¢+¢~, along with an inclusive
mono-photon search KA (inclusive) withoutrspecified K decays. The sensitivity peak near
my = my originates from kinétic mixing between the dark photon and hypercharge field,
which induces significant K-Z Qixing effects. Constraints are compared with: (i) LHC and
HL-LHC (3ab™') Drell-Yan/projections (gray dashed and solid lines, respectively), (ii)
BaBar mono-photon‘searches (purple dashed), and (iii) LEP electroweak precision tests

(EWPT, cyan dashed). Figure taken from Ref. [220].

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 photom dominates. Therefore, the reach of a future e*e™ collider will complement

and.potentially supersede that of dark matter searches.

There are also models that consider the Higgs boson as a portal to a dark sector with
couplings to a gauge boson Z; of a broken U(1) symmetry. If Z; is light enough, precision
Higgs decay can test h — Z;Z [236, 237] and h — Z4Z4 [35, 238] channels. Relatively light

Z4 can also decay into the SM particles via Higgs portal. An electron-positron collider such
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FIG. 28: The CEPC sensitivity to the kineticamixing portal parameter € in the dark
photon mediated model is shown for the mono-photon ¢hannel ete — vK — vE, where
the dark photon K predominantly decays to dark.matter pairs xy (invisible channel,
represented by blue solid/dotted lines and,shaded regions). Also shown are constraints
from: DM direct detection (red dashed)syDMindirect detection (brown dashed), BaBar
mono-photon searches (purple dashed), and LEP electroweak precision tests (cyan dashed).
The black dashed line indicates. the parameter space where the thermal annihilation
processes xYx — K — ff, WHIW~ produce the observed relic abundance, assuming a dark
matter-dark photon coupliig gp= 0.01. In the right panel, the mass configuration
my & my /2 enables resonant dark matter annihilation, substantially reducing the required

€ (as evident from/the shift in the dashed black lines). Figure adapted from Ref. [220].

as the CEPGyhias the potential to open up new regions of parameter space. Ref. [239] studied
a Higgs ported Z — Z,; mass mixing scenario, parametrized as %mzd(S WX, 2N (X = Z,2Zy).
The e"e~ — hZ; channel with subsequent Z; — ¢ decay can be sensitive to the mixing
parameter and cross section of § ~ 8 x 1073 and o(eTe™ — hZ;) ~ 3-4 ab at /s = 240 GeV
with 5 ab™!.
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2. Millicharge DM

The CEPC can shed light on the particle properties of dark matter (DM), which ¢ur-
rently remain elusive despite the overwhelming evidence from cosmology and astrophysical
measurements. Recently, Ref. [223] investigated the capability of CEPC in prebing the

parameter space of millicharged DM. The interaction Lagrangian of‘this model is given by:
L =ecA,XV"X, - (11)

where x is the Dirac DM, A,, is the photon, e is the electremagnetie coupling strength, and

¢ is the millicharge.

The monophoton signature at CEPC, when a dark matter pair is produced in association
with a photon, demonstrates significant potential for improving DM constraints, providing
a promising approach to investigate darkdmatter properties [223]. Sensitivity projections are
calculated for three CEPC operational configutations: (i) 5.6 ab™" in H-mode, (ii) 16 ab™*
in WW-mode, and (iii) 2.6 ab™! inZ=mede. The Z and H modes exhibit optimal sensitivity
for millicharged DM, constraining the mixing parameter ¢ to within a few percent for masses
below and above 40 GeV, respectively. These results represent an improvement of nearly
one order of magnitude overfexistingncollider limits for dark matter mass larger than 1

GeV [240-243]. ~

8. “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. [224] investigated the sensitivity of CEPC on the dark
states with eleatromagnetic 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. [224], the fermionic dark state x may have the effective interactions with the
hypercharge gauge boson field B,, [244, 245], and the interactions can be written with elec-
tromagnetic field strength tensor F,, = 9,4, — 0,4, and Z gauge field strength tensor
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FIG. 29: The expected 95% C.L. exclusion limits on.the electromagnetic form factors for
28 mass-dimension 5 operators through MDM, (solid) and EDM (dashed) in the four CEPC
30 running modes [224]. The landscapeof-current leading constraints are also shown with
shaded regions, exploiting from terrestrial experiments, such as proton-beam experiments
33 CHARM-II [246], monophotomsearches and Z-boson invisible decay at LEP, monojet
35 searches at LHC [245], and astrophysics supernovae SN 1987A [247].

37 N
38 Zy = 02y — 0,2, as

1 Y, v i - v = v = v
4 L, = §MXX0”‘ Xk + §dx><0“ VXFuw — ax X"’ X" Fpy + by X7 X0" F o (12)

W o iy ) , o
" + SHXO X + SR X = XAV XO L + XY XO L

45 Here Cf = £C, sin Oy with C, = u,, dy, ay, by, and Oy denotes Weinberg angle. pu, and
47 d, are the.dimensional coefficients of the mass-dimension 5 MDM and EDM interactions,
49 expressed in units of the Bohr magneton up, and o,, = i[y*,7"]/2; a, and b, are the
51 dimeénsionalieoefficients of the mass-dimension 6 AM and CR interactions.

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

58 the typical monophoton signature.
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Fig. 29 presents the 95% C.L. upper bounds from CEPC’s monophoton channel on the
electromagnetic form factors for mass-dimension 5 operators, showing results for magnetic
dipole moments (MDM, solid lines) and electric dipole moments (EDM, dashed lines). These
limits are derived using: (i) 20 ab™' in H-mode, (ii) 6 ab™" in WW-mode, (iii) 100 ab:' in
Z-mode, and (iv) 1 ab™" in tZ-mode.

The Z-mode demonstrates optimal sensitivity for light dark state§ with mass-dimension 5
operators, probing MDM for m, < 35 GeV and EDM for m, < 25:GeV, reaching couplings
as low as 3.7 x 1077 ug. This represents an improvement of approy;mately one order of
magnitude over HL-LHC projections (with 25% systematic uncergainty), which can only
probe these operators down to 4 x 107% ug. While the ‘H=mode shows reduced sensitivity
(by about a factor of two) for light dark states compared toithe Z-mode, it provides superior
coverage for DM masses between 45-62.5 GeV. Combined with the 350 GeV ¢t mode, CEPC
will explore previously inaccessible parameter space forsbeth mass-dimension 5 and mass-

dimension 6 operators of dark states.

D. DM in EFT framework
1. Leptophilic DM

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 net quarks at tree-level. Such leptophilic DM (LDM) arises naturally
in many BSM scenariog)[248=269], some of which could even explain various existing exper-
imental anomalies; such as the muon anomalous magnetic moment [270], DAMA/LIBRA
annual modulation [271}, anomalous cosmic ray positron excess [272-275], the galactic cen-
ter gammasray excess [276], and XENONIT electron excess [277]. Dedicated searches for
LDM in direct @detection [278-280] and beam dump [281, 282] 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 [223, 225, 283-293] or mono-Z [225, 294-297]
signatures. Here we will discuss the CEPC sensitivities to LDM in the monophoton channel

following a model-independent EFT approach [225]. See also Refs. [287, 290, 298-308] for
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given in Table I. The various shad

(XENONI1T [310], PANDAX-4T i ct detection (Fermi-LAT [312], AMS [313]),

freedom are the D!  and an effective cut-off scale A which determines the strength
given by

Lor = 15 D (XTIx) (T70) (13)

j

+ Xv5) v and T, = (¢§ + ¢47v5) v, for V-A type. For simplicity, we will

A = ¢ = c¢§ = 1. For other choices of the couplings, our results for the

sensiti on A can be easily scaled accordingly. Note that the EFT results are valid as
g as A > max{+/s,3m,} [309].

Our results for the mono-photon case ee™ — X7 are shown in Fig. 30. The different
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FIG. 31: Expected 95% CL constraint§ en A 4 in the'three CEPC running modes. Also

shown are the XenonlT censtraints on Ay [315].

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. [225].
The various shaded regions ate excluded by direct detection (XENONI1T [310], PANDAX-
4T [311]), indirect detection (Fermi-LAT [312], AMS [313]), astrophysics (SN1987A [314])
and cosmology (CMB [312])onstraints. Along the dot-dashed line, the observed DM relic
density is reproduced for a thermal DM assuming only DM-electron effective coupling. From
Fig. 30, it is clear'that €CEPC can probe new LDM parameter space, especially in the low
DM mass range (for m, 510 GeV).

Fig. 31 showsthe 95%. CL lower bound on the new physics scale for one of the effective
field theoryminteractions of DM in Ref. [223]. The interaction Lagrangian in this case is given

by:
L DM
L= A—wa%xﬂv V5L, (14)
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 A 4. The three modes of CEPC are expected

to lead to better limits in the DM mass range of m, < (10 —25) GeV than XenonlT [315],
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FIG. 32: Constraints on the fermionic absorption DM from direct detection experiments
(PandaX-II, PandaX-4T, XENONnT, and LZ); cosmologys astrophysics, and the projected
sensitivities at the future lepton'eolliders (CEPC, ILC, and CLIC) [226].

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

2. Interplay of dark particles with neutrinos

Interactions between dark'magter (DM) and standard model (SM) particles have been ex-
tensively studied through diréct detection methods [316-318], indirect detection techniques
[319-321], and collider, searches (217, 306, 322, 323]. The null results and stringent con-
straints 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, my, is less than or equal to y/s. Thus, colliders can probe not only the true
DM particles that persist today but also any DS particles that can be directly generated.
Additionallyzzmost 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. [226] focuses on absorption operators that couple a dark fermion with neutrinos and

charged electrons/positrons. The study examines mono-photon and electron-positron pair
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productions associated with missing energy (a neutrino and a dark sector fermion )‘at future
ete” colliders such as CEPC, FCC-ee, ILC, and CLIC [226]. 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.

Fig. 32 shows astrophysical X /y-ray observations and cosmological constraints for sub-
MeV absorption dark matter [324], demonstrating that collider searches are actually more
sensitive. For a heavy dark fermion (m, > 2m,), the collider probefis g\enerally weaker than
astrophysical and cosmological constraints due to the increasedidecay 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 alarge number of particles in the
DS. In this sense, collider searches provide a complementary approach to addressing either

light or heavy dark fermions. &

E. Dark matter and its looep effects at CEPC

Because of the limited center-of-mass energy, the massive particles present in dark matter
(DM) models could hardly bedirectly produced at the CEPC. Nevertheless, the precise
measurements of electroweak phenomena at the CEPC offer a propitious avenue for indirect
detection of these particles'wiasloop effects. Specifically, the CEPC is well-suited for the
examination of DM models féaturing supplementary electroweak multiplets.

A number of studies have Been performed on this topic [325-333], with a particular
emphasis on two/models 328, 334-336]: the singlet-doublet dark matter (SDDM) and
doublet-triplet dark matter (DTDM) models. These two models can be regarded as the
generalizations of electroweak sectors with proper UV completion. For instance, the SDDM
and DTDM models/are similar to the bino-Higgsino and Higgsino-wino sectors in SUSY
models; The SDDM model features one singlet Weyl spinor with a Majorana mass term
of #m,SS/2galongside two doublet Weyl spinors possessing opposite U(1)y charges and
a mass term of —mDeijD{Dé. Within this model, there exist two new Yukawa couplings
y1SDiH; — 4, SDLHY | where H; denotes the SM Higgs doublet. The DTDM model involves
one triplet and two doublet Weyl spinors. Both models are characterized by four inde-

pendent parameters: two mass parameters and two Yukawa couplings. After electroweak
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symmetry breaking, the Yukawa terms induces the mixing of states. The lightest neutral

particle potentially serves as a candidate for DM.

The new particles introduced in these models have the potential “to.influence various
electroweak phenomena at the CEPC, including Higgs decays [331, 832], oblique parameters
(326, 328, 330], and production of electroweak particles, such as efe™ = pu*u~, ZZ, WTW ™,
and Z~, through loop effects [327, 329, 333]. Notably, the CEPC, r\enowned as a Higgs
factory, possesses a robust capacity to scrutinize these effects by means of measuring the
Zh associated production with a remarkable precision 0f:0.5% [331-333]. To quantify the
impact of new physics models on the Zh production cross,section, we define a deviation
parameter Ao /oy = |oxp — 0sm|/0sm. Another promising avenue for the detection of new
particles in the dark sector is the diphoton decay of the.Higgs boson. For this process, we
define a deviation AI'/T'y = |I'np — I'sm| /L for this process. In the left panel of Fig. 33, we
display the parameter regions in the DTDM medel for y; = yo = 1 with notable deviations
Ac/og > 0.5% for the Zh productionrand AT/Ty > 9.4% for the Higgs diphoton decay at
the CEPC with an integrated luminositynof 5 ab™*.

In the right panel of Figi"33swe. display the parameter regions excluded by the observed
DM relic density [337] and #he LZ searches for DM-nucleon spin-independent scattering
[338]. It is important te highlight that the exploration of the parameter space at the CEPC
can serve as a valuiablexcomplement to other DM detection experiments, as illustrated in
Fig. 33. Despite the inclusion of DM within the electroweak multiplets, the interactions
between DM particles and nucleons may be suppressed in certain parameter regions, leading
to what isscommonly referred as “blind spots” for direct detection [339, 340]. Within the
framework of the DTDM model, a global custodial symmetry emerges in the scenario where
y1 =1 (3283336, resulting in a null coupling between DM and the Z boson, thereby yielding
vanishing spin-dependent scattering. Furthermore, when mp < mp, the condition of y; = s
gives rise to a null coupling between DM and the Higgs boson, resulting in vanishing spin-
independent scattering. The SDDM model exhibits similar characteristics to the DTDM

model.
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originate from the reduction of background noise and targeted searches such as Higgs and
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FIG. 34: The sensitivities for scalar, fermion,'and vector portals, as well as dark matter

magnetic dipole moment and elegtrie.dipole moment operators for CEPC and HL-LHC.

Z bosons. In contrast, the HE=LHC demonstrates superior sensitivity for direct search of
heavy particles due to its larger crossisections from hadronic collisions, allowing significant
production of dark matter signqls from their decay.

Beyond the comparison with¢the HL-LHC, Fig. 35 highlights the complementarity
between the CEPChand directsdetection DM searches. The benchmark DM model is
scalar/fermion DMawith canonical Higgs-portal mediation to the SM sector. CEPC and (HL-
JLHC searches provide strong limits at low DM mass (< 10 GeV), complementing various
direct-detection experiments. The CEPC achieves stronger projections than the HL-LHC,
extending sensitivity into the neutrino fog for both scalar and fermion DM scenarios.

Overall, this.comparison shows that the CEPC and HL-LHC are highly complementary
in DM searches, where the CEPC’s order-of-magnitude improvement in sensitivity across
a broad class of models (phase space) could significantly enhance our understanding of the

nature of DM.
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FIG. 35: CEPC sensitivity te.scalar and fexrmion DM via a Higgs-portal mediator, shown

in the DM mass and spin-independent DM-nucleon cross-sections plane and compared with
hadron-collider and direct-detection searches. Higgs invisible decays: black and gray

dashed lines indicate current\LHC limits [341] and HL-LHC projections [203]. Direct

detection: solid colored linés show current constraints from DarkSide-50 (2023) [342], LZ
(2025) [343], PandaX-4T(2023, 2025) [344, 345], and XENONnT (2025) [346, 347]; dashed
colored lines give(projected sensitivities for ARGO [348], CDEX-50 [349], DARWIN/XLZD

[350], and PandaX-xT [351]. The neutrino fog follows Ref. [352].
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z VII. LONG-LIVED PARTICLE SEARCHES

5

? A. Introduction

8

9

10 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-
12 yond the Standard Model (BSM) and are often dubbed “long-lived particles” (LLPs). Such
12 particles are supposed to become long-lived, for various reasons inclu?mg feeble couplings
17 to other particles, phase space suppression, approximate symmetry,<and heavy mediators.
12 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-
;g amples include heavy neutral leptons, dark photon$; ALPs, and dark Higgs bosons (see, for
24 instance, Refs. [353-357] for reviews of different models predicting LLPs). On the other
;2 hand, at colliders such as the LHC, searches for heavy new particles have been going on,
;é with no concrete discovery except stringentlower bounds on the mass of these particles such
;g as squarks at 2 — 3 TeV [358-362fthis sitwation has also shifted much attention in the
31 community towards other BSM signatures including those associated with the LLPs [363—
gg 367]. For these reasons, collidersearches for' LLPs are becoming an increasingly important
gg approach to probing BSM phys$ics.

g? While the LHC has observedsthe SM Higgs boson in 2012 [368, 369], entered the Run 3
gg phase recently, and is expected to complete its high-luminosity stage by mid-2030s, inten-
2(1) sive discussion concerning the next-generation high-energy colliders has never ceased since
42 decades ago. Such’diseussion mainly centers around these colliders’ potential in discovering
2431 new fundamental particles and interactions. These future collider-experiments include the
22 Circular Ele¢tron Positron Collider (CEPC) in China [13, 14, 370-372], the International
173 Linear Collider (ILQ) in Japan [373-377], and the Future Circular Collider (FCC) [4, 378~
49 380] and the Gompact Linear Collider (CLIC) [381, 382] at CERN. The ILC and CLIC
g? would be linear electron-positron colliders, while both the CEPC and the FCC in its initial
gg stage, called the FCC-ee, would be operated as circular colliders of electron and positron
>4 beams. These future colliders would be running at the center-of-mass (CM) energies ranging
gg from about 91.2 GeV at the Z-pole, 240-250 GeV as a Higgs factory, 160 GeV as a W-boson
g; factory, 350 GeV as a top-quark factory, to even higher energies up to the TeV scale. The
59
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corresponding gauge and Higgs bosons are thus produced in a clean environment(i.e; with
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 theiintegrated
luminosity of 5.6 ab™! for the CEPC, and the upgraded luminosity of 20 abs! can léad 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, butzlso 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~ et 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. [383] for recent reviews of LLP
experiments at the proposed FCC-ee collider. [ These works have considered not only the
default detector located at the interactionfpoint (IP); dubbed “main detector” (MD) or “near
detector” (ND) in this work, but also the propesed 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 e* colliders, aiming primarily at finding new
exotic states with a long lifetime.sWe note that the LLPs produced at the IP of beam-energy-
symmetric e"et colliders tend to travel along the transverse direction in the laboratory
frame, while at pp collidershe ULPs often employ a large boost in the forward /longitudinal
direction as a result of the proton’s parton distribution.

In Table VI, we summarize results from recent CEPC’s studies on LLPs. In the table,
the first column lists the types of the LLPs; the second column presents the corresponding
signal signaturej the third and fourth columns provide the center-of-mass energy and the
integrated luminesity; the fifth column indicates the considered main detector (MD) or
far detectors (FD3 or LAYCAST); the sixth column shows sensitivities on the couplings,
suppression scales, branching ratios, or production cross sections with assumptions of the
LLP’smassy(nt), lefetime (7) and others; the last two column provide the references. Check
the main text for the meanings of symbols and abbreviations.

This section is organized as follows. In Section VIIB we present a computation proce-
dure of LLP signal-event rates at colliders. Then in Sections VIIC, VIID, and VIIE, we

review LLP studies and summarize their results at main detectors, proposed far detectors,
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FIG. 36: Sketch of the production and decay ofsa LLP at electron-positron colliders.
- 4

and possible beam-dump experiments, respectively, for future high-energy e e* colliders.

Finally, we conclude in Section VIIF with a swmmary and an outlook.

B. 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.

As shown in Fig. 36, we as;nne that the LLP is produced (essentially) at the IP of a
collider, and travels,aaactoscopic distance with a constant velocity® before decaying into
SM or other new particles. The survival probability of the LLP after traveling a distance
D can be estimated withithe exponential decay law P(D) = e P/ where ) is the LLP’s
boosted decaydength.in the laboratory frame. Considering the effect of special relativity, A
can be calculated as

)\:ﬂ’yCT:%%(ZT:%CT, (15)

where cisithe speed of light, while p, £/, and m are the magnitude of the three-momentum

P, lenergy, @nd mass of the LLP, respectively. 5 = p/E and v = E/m are the speed and

3 This isstrne for electrically neutral LLPs; for electrically charged LLPs we assume that they have large
enough transverse momentum pr so that the bending effect of the magnetic field at the MD is unimportant

and that the potential ionization effect in material is negligible.
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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 ef an
LLP denoted with the index i, 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,towardspit,

P[(LLP); in f.v.] = e(7Pi/%) — o(=Di/x) (16)

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 beforehafid, and ; is the LLP’s
boosted decay length. Note that D¢ < D! by definition. Obvieusly, P{(LLP); in f.v.] = 0, if
the LLP travels outside the fiducial volume’s window. Inpractice, the cylindrical /azimuthal
symmetry, if (approximately) present for the relativefposition 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 @pplied to the right-hand side of
Eq. (16). 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 precisionin the predietion, it is usually required to perform Monte
Carlo (MC) simulation, unlesg'the signal-event kinematics can be analytically derived. We

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

MC
NLLP

(P[LEP infv.)) = ﬁ Z P[(LLP); in f.v.] . (17)

Here, NMS labels#he total number of the LLPs generated with the MC simulation program,
and P[(LLP); in fiv.] is obtained with Eq. (16).

We can therefore express the expected signal-event number with,
N = NPt (P[LLP in f.v.]) - Br(LLP — vis) - €get (18)

where NPIb= 670 . £ is the total number of the LLPs produced at the collider and is
determined by the LLP’s production cross section UEEOS and the collider’s integrated lumi-
nosity £. It is important that the kinematic cuts (if there is any) to which Nfﬁf‘ 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
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detector efficiency for the visible final state. For simplicity, we do not include the pessible
dependence of €404 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. (18) depends in a complicated way on not only the gellider setups including the
detector’s design but also the theoretical model parameters such,assthe LLP’s mass and its
couplings to other particles. The LLP production cross seetion, ai’iolf , 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.]); weshould’ take into account the detector’s
geometry such as its position, shape, andaelume, 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 déeay. branehing ratio Br(LLP — vis.) can be predicted
by the LLP’s mass and sometimes also'its decay couplings’ strengths. Finally, the detector
efficiency eqe¢ 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-lengthflimiit (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. (16) can be expanded and as a result,
the LLP decay probabilitiesiin the fiducial volume and hence the signal-event number Ny}
become essentidlly;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 MD has the advantage of a huge
solid-angle covérage compared to a FD, which can be offset, in principle, by building a FD
with a largewwolume depending on its distance to the IP and the available space. However,
foria 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 MD. For beam-dump experiments, a boost of the LLP

in the forward direction should be exploited and thus increasing the length of the detector
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can linearly strengthen the signal-event rates.

We note that advanced neural networks, trained using deep learning techniques to exploit
the distinct LLP signatures and topologies, can further differentiate signals fromSM back-
grounds, especially in a clean environment provided by lepton colliders. Refi [70] 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 petential 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 [364, 367]. Particle eollisions induce scattering processes
that produce certain SM particles that have a relativelyfong 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 mughssWhile the SM irreducible background events can of-
ten be simulated in a reliable way, the mon-collision type of background sources can usually
be estimated only with non-traditional methods such as data-driven approaches, especially
for the MD experiments. For FD and,beam-dump experiments, the large space available
between the IP/beam dumprand.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 phenomenelogical analysis on collider searches for LLPs, in particular in
the context of FDr 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.

C. Studies with the main detector

LLPs can manifest themselves via different signatures at the MD of a collider. This is
ilustrated in Fig. 37 extracted from Ref. [365]. Charged LLPs, if not too soft, can leave a
visible track inside the MD. For example, heavy stable charged particles (HSCPs) can travel
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FIG. 37: Typical LLP signatures at the MD of a collider. Taken from Ref. [365].

35 through the whole detector without decaying, leaving a complete track. Similarly, a charged
LLP can decay inside the MD ito charge-neutral or soft charged final states, resulting in a
38 disappearing track. Neutral LLPS often couple only very feebly with SM particles, so that
40 they do not interact with thexdetector material. If they leave the MD without decaying,
42 they appear simply asimissing energy or transverse momentum, and can only be searched
for if they are produced in association with visible objects. However, if they decay inside
45 the MD but awith-a macroscopic distance from the IP, exotic signatures can arise including

47 displaced vertex, displaced leptons, displaced jets, and non-pointing photons.

51 In the restrof this section, we review past LLP studies with the MD at future high-energy
electron-positron colliders, which cover various theoretical models and collider signatures.
54 LLP studies related to the flavor physics are discussed in Section IX. Sensitivity results
56 for long-lived heavy neutral leptons, doubly-charged scalars in seesaw models, electrophilic

58 ALPs (eALPs) are presented in Sections X A 1, XD, and XI A respectively.
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1. Higgs boson decays

LLPs can be produced from exotic decays of the Higgs boson, c.f. Section IV G 1. Recent
studies are summarized as follows.

New scalar particles:

Ref. [70] performs a search for neutrally charged LLPs (X;, Xs)sproduced via the rare
decay of the Higgs boson. The signal process is ete™ — ZH(Z — inclusive, H — X7 + X5)
at /s = 240 GeV. X; and X, can each decay into a v pair or<a'gq pair, resulting in
final states with either two jets (type-I signal) or four jets (type-1I signal) . 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 Cemvelutional Neural Networks (CNN)
and Graph Neural Networks (GNN) have been trained using full MC signal and background
samples. The results of two neural networks agrée with ea.ch other.

Fig. 38 shows constraints on the branching ratio of Higgs boson decay to LLPs. For the

BR(X—uD)

BRI Sq7) is defined. In the case of Type I and

two LLPs signal types, a parameter €, :=
Type II signal yields having a fixed ratio, a value'of 0.2 is set and a one-dimensional 95%
Confidence Level upper limit on B(Hy— LEPs) is derived and shown in Fig. 38a). 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-dimensionalh95% Confidence Level upper limit on B(H — LLPs)
is derived and shown in Fig.'88b). In the fixed ratio case, the upper limit results have
significantly smaller uncetrtainties than the floating ratio case. The best upper limit result
in the fix ratio caseds 2:2 X10°% on B(H — LLPs) with a statistics of 4 x 10° Higgs bosons.

Ref. [71] 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, followedswith h.— XX and Z — (¢ ("), where £ = e,n and X is the long-lived
new scalar boson. X is agsumed to be produced at the IP and is required to decay inside
the inner trackeriinto 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 (5pm) to the
IP{ for thes"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
(F€C-ce) detector. The dominant SM background processes, e"et — hZ — (bb)({*(™)

4 The total invisible decay mode is not considered here.
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FIG. 38: (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 €y is the ratio

BR(X—vi)

BR(X 507 a): a fixed ratio e, = 0.2, b): d floating &’. The shaded areas indicate

statistical and systematic uncettainties combined. Taken from Ref. [70].

and e"et — ZZ — (bb)(£*(~), afévinvestigated 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 1.1%10°. In addition to forecasting sensitivities to the branching
ratio of h — X X as shown in/Fig. 39, 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.

Ref. [72] studies displaced-vertex signatures of scalar LLPs pair-produced from exotic
Higgs decays at the CERC 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 partofic level. T'wo theoretical models are investigated: a Higgs-portal model and
a neutral-naturalness model. These two models feature two representative mass ranges for
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~pu™, 7~ n" where the SM Higgs boson A is produced in Higgsstrahlung

http://cpc.ihep.ac.cn
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FIG. 39: Projected 95% h — X X branching ratiodimits 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. [71].

process. For the dimuon de¢ay of hgp.displaced muons are detected in either the inner
tracker (IT) detector or mmuensspectrometer (MS). Further, for hy decays into a pair of
charged pions, displaced wertices 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 decayproducts 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 8, for two benchmark choices of the new scalar-single field’s vacuum
expectation, value (vev) (y) = 10,100 GeV.

On the other hand, the neutral-naturalness model, e.g. folded supersymmetry, predicts
thedightestimirror 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.

Two major background processes are taken into account: e~e* — ZZ — (£7£~,jj)(bb) and
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FIG. 40: Sensitivity reaches of 10g10(Ngigna1) at the/ CEPE for the Folded SUSY model.
The black(red) curves correspond to kK = Kpax(Bh= Kmin). Taken from Ref. [72].
L

e~et — Zh — (£¥¢7,57)(bb), in whichgthe bb pair comes from prompt Z-boson’s or SM
Higgs boson’s decay. Sensitivity reaches are. shown in Fig. 40 in terms of the contour curves
with different numbers of signal eventsy.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 nenperturbative mixing effects between the excited glueball
states and the SM Higgs boson.

Ref. [387] computes colliderssensitivities 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 dre shownyin Fig. 41 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.

Hidden! valley particles:

Ref. [386]pworks on the sensitivity reach to massive LLPs using the ILD detector at
CLIC with y/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 — 7973 — (bb)(bb), providing four b-jets in the final
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FIG. 41: Left: bounds on A4 and sin? @ for various sihglet masses arising from searches for
displaced jets in Higgs decays at the FCCfee with y/8 = 240 GeV and integrated
luminosity £, = 5 ab™!; the das’gd lines show/the upper naturalness limit
e = m3 [v® + 4mmg sin 0 /v. Right: bofm’ds't)n Ang and sin? @ for various singlet masses
arising from searches for delayeddjets.in Higgs decays; the dashed lines show the upper

max

naturalness limit Aj™ of for each mass, Since physics is the same, sensitivities can be

interpreted as theéwresults at the CEPC.Taken from Ref. [387].

state. At /s = 350 GeV, Higgs bosons are dominantly produced from the Higgsstrahlung
process (e”et — Zh), while at /§ = 3 TeV, the dominant production channel is the WW/-
fusion (e~et — vuh){ Signalisamples with 7¥ 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, qqu, qqqq, q7qqvy 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
presented for the production cross-section (o(h) x BR(h — 7%70)) as a function of the LLP’s

lifetime forsthiée different 7¥ masses: 25, 35, 50 GeV. We reproduce them in Fig. 42.

Dark photons:

Ref. [73] studies sensitivity to long-lived dark photons produced in Higgsstrahlung events
via the Higgs portal, h — ypvyp, with the Silicon Detector (SiD) at ILC. The considered
signal process is e”e™ — Zh — (¢q) (\pYp),7p — (" (T/qq at /s = 250 GeV with an
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FIG. 42: Expected 95% CL cross-section upperdimits.on the o(H) x BR(H — 7070),

within the model [388], for three different 72 masses: 95 GeV (green), 35 GeV (yellow),

50 GeV (blue), as a function of 7¥ lifefimie for /=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 ecnergies.Taken from Ref. [386].

integrated luminosity of 2 ab™or.each of two polarization cases ej el and epe} 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
e~et — WW,evW, ZZ. eceZ, vvZ — 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 suppressés background events to a negligible level. Assuming no background with
thesselectionssoutlined in the study, baseline sensitivities on the minimal branching ratio
h =.~vp7vp as a function of vp mass are presented in Fig. 43 for several choices of the kinetic
mixing parater €. Additionally, this study also presents the first full simulation of LLPs for
9iD. Since physics is similar, sensitivities can be interpreted as the results at the CEPC with

the same CM energy and integrated luminosity.
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FIG. 43: The minimum branching ratio H — ypyprto which SiD will be sensitive for
V5 =250 GeV and 2 ab™!, when both leptonic and hadronic decays are reconstructed
within the regions R1 and R2, for ¢ = 1078, 1077 Since physics is similar, sensitivities can
be interpreted as the results at the CERPC with the same CM energy and integrated
lumindsity.. Taken from Ref. [73].

2. Z-boson decays

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

c.f. Section IV G 2. Recent studies are summarized as follows.

Ref. [74] considérs the physics scenario where the long-lived lightest neutralino pair x9x?
is produced from Z-decays in the context of the R-parity-violating supersymmetry model.
The lightest/neutralinony? is dominantly bino-like with small Higgsino components. The
study focuses on the )\;jkLi . QjDk operators, and \,;, L - Q1 D5 is chosen to be the only
nonvanishing RPV operator, which leads to the lightest neutralino decays to SM particles
viad@ 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} — eT K™+ /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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FIG. 44: The sensitivity estimate of the CEPC (gréy),and the FCC-ee (green) presented in
the 2D plane of )\’112/m§~ vs. mgo assuming BR(Z = XX = 1072 (left) and 10> (right),
respectively. The solid contour curves gorrespond 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 *)teT, e~usgor e*u5). The estimates for experiments at
the LHC: AL3X, CODEX-b, FASER and MATHUSLA, are reproduced from
Refs. [389, 390]. The ATLAS ¥esults 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 couphn{/\/112 [391] for three different degenerate sfermion masses

mj; =250 GeV, 1 TeVgand 5 TeV as labelled. Taken from Ref. [74].

decays could be reconstructed. The signal events require at least one neutralino decaying
inside the inneridetector, while the other could decay either inside or outside the inner

detector.

The bacekground is assumed to be negligible, and sensitivity reaches are presented in terms
of three-signal-évent contour curves on the model parameters. Fig. 44 shows the sensitivity
estimate of the CEPC (grey) and the FCC-ee (green) in the 2D plane of A5/ m?g vs. myo for
two different benchmark values of BR(Z — Y9%?), respectively. The analyses indicates that
when assuming Br(Z — x7x}) = 107 and mgy ~ 40 GeV, the model parameter )x’llz/mfg
can be probed down to as low as ~ 1.5 x 1071 (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
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FIG. 45: Prospected CEPC/FCC-ee 95% CL exelusiomon the (mq, fo/C},),) plane for a
muonic ALP (C4 =0, Eyy = 0) with different assumptigns for the integrated luminosity
L, as indicated. On the right side of the dashed grey line the proper decay length of the
ALP is e¢r, < 10 m. The region to the left of the red dashed line is excluded by SN1987A
data, according to the analysis‘in, [396]mThe dotted cyan contours show the ALP
contribution to the anomalous magnetic moment of the muon, Aa, = (g — 2),/2. Taken

from Ref. [75].

N
results are compared with the/projected sensitivity reaches of the ATLAS experiment at the

HL-LHC [392] and the propesedd.-HC experiments with far detectors (AL3X [393], CODEX-
b [394], FASER [395]pandMATHUSLA [356]).

Ref. [75] probes, ALPs coupled to charged leptons in leptonic decays of the Z-boson at
CEPC and FCCee. The ALPs are assumed to have very long lifetime, travel through the
main detectory and behave as missing energy. The signal process is e”et — Z0) — (~(*q
at /s = 91 GeV. This study analyzes the signal process of e”et — p~pta, and considers
bacKgroundigeurces including 7777, v, and pu vy (where v gets undetected). Fig. 45,
extracted from Ref. [75], presents sensitivity reaches in terms of the contour curves in the
fa/ leu 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
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negative C’;‘u are also derived in this study.

3. Supersymmetry (SUSY)

~

Ref. [397] reviews studies on LLPs at the ILC and CLIC in thefecontext of SUSY models.
The long-lived next-to-lightest supersymmetric particle (NLSP)igthé'stau 7, and the lightest
supersymmetric particle (LSP) is the gravitino G or axinola. The signal includes both the

2-body decay process T — G /Ta and 3-body decay [processid — ")/Té /yTa.

Ref. [398] studies the SUSY scenario at the ALC 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;yfollow the track until it is trapped inside the
detector; observe the stopping point umtil a‘decay 7 — 7G is triggered by a large energy
release uncorrelated to beamdeollisions; 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~1.

Ref. [399] investigates'the/prospects of observing lepton flavour violation at future e”e™
and e~e~ linear colliders in seénarios 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.
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4. Vector-like leptons with scalar

Ref. [222] considers vector-like leptons (VLLs) F* as a simple extension toithe 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 €M energy
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 CEP@ifor my <¢70 GeV and mp < 1
TeV. Details of this study can be found in Section VIB 3.

D. Studies with far detectors

It has been well accepted among the high-energy-physics community that at colliders
such as LHC, besides the traditional MD installed atithe IP, FDs, can also be constructed
for operation away from the IP by up to @(100)m. When the decay lengths of LLPs are
very long (e.g. A 2 O(100) m), they can havesa sizable probability to travel through the MD,
acting as missing energy. In this case, a far. detector could have a better chance to observe
their decay processes if A of the LIiPs 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 ED and the'TP 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.

1. Far detectors at hadron colliders

Two classes of EDs 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 argen 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 [401, 402] and FASERv [403, 404] are collecting data during the LHC
Run 3. AdvSND [405, 406], FASERv2 [405, 407, 408], and FLArE-10/100 [405, 409] would

be further upgraded experiments and have been proposed to be running during the high-
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FIG. 46: Schematic pictures of the SND@QLEHC, FASERY, and FASER experiments. Taken
from Ref. [400].

luminosity LHC (HL-LHC) era at the proposed Forward Physics Facility (FPF) [405]. These
FPF experiments would be installed in the very forward direction on/off-axis, about 600
meters away from the ATLAS IP.

Another type of FDs at#he BHC aim primarily at searching for displaced decays of LLPs
into charged final-state particles. These experiments include and FASER and FASER2 [395,
410, 411], MATHUSLA, [356, 412, 413], ANUBIS [414], AL3X [393], FACET [415], CODEX-
b [394, 416], MoEDAL=MAPP1 and MAPP2 [417, 418], 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
onefof 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

http://cpc.ihep.ac.cn
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ction point and the integrated luminosity. In
Fig. 46, schematic pictures of SND@LHC, FASERv, and FASER, extracted from Ref. [400],
e location of the FPF is illustrated together with the setup

are also shown, and in Fig. 4

%,

Posi ider (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
cted, 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
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Xys Vas Z
Far detector (22022 22)

15 Y15 2y)

Near detector

FIG. 48: The sketch displays the main detector/(near detéetor, abbreviated as ND) and an
example far detector. The dashed ling indicates that one LLP is produced at the IP,

travels through the main detector and decay insider the far detector. Taken from Ref. [76].

development, there is large freedom in thegeometry 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 protom=proton collisions, owing to the parton distributions in the
protons, there is typically aflarge 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, itiis adifferent 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 ZLPs. “Fig: 48 from Ref. [76] 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 42z 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
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enclosing the IP depicts the main detector (near detector, abbreviated as ND), avhile 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. [76, 385] consider various locations and geometrical setups of far detectors (FDI=EDS)
at future e~ e colliders and investigate their potentials for discovering LLPs in the physics
scenarios including exotic Higgs decays, the lightest neutralinos in the Rjparity-violating
supersymmetry (RPV-SUSY), heavy neutral leptons, and ALPsgi"Besides,/ to compare dis-

~
covery sensitivities between the FDs and NDs, Ref. [76] also derives sensitivity reach to the

LLPs at the NDs of future e~ e™ colliders and LHC FD experiments such as AL3X, CODEX-
b, and MATHUSLA100. For the NDs at future e”e™ collidexs, the CEPC’s baseline detector
setup are chosen. For the FDs at future e”e™ collidefs, their shapes are assumed as cuboid
and the locations of the FDs are ~ 5 — 100 m away inthe transverse direction from the IP.
For example, the FD1 design in this study is about 5 =20 m from the IP and employs a
volume of 5 x 103 m?. It can be placed ifiside 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 fromi'the IP. Ref. [76] finds that for searching for LLPs, FDs
at future lepton colliders can extend and,complement the sensitivity reaches of the default
MD 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 main deteetorronly/at future lepton colliders.

Inspired by the previgus{proof-of-principle study [421], recently Ref. [384] propose a
similar tracker detector, named as the LAYered CAvern Surface Tracker (LAYCAST), to
be installed on the wallhand eeiling of the main cavern at future electron-positron colliders
such as CEPC and FCC-ge. The fiducial volume is taken to be the space between the main
detector and thesavern’s surface. The setup of LAYCAST is shown in Fig. 49, where the
coordinate-system is'the same as in Fig. 48. 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 main detector, can potentially be observed therein via the decay products. If they
traverse the main detector and decay before reaching the cavern’s inner surface, they may

be detected by the LAYCAST experiment.

http://cpc.ihep.ac.cn
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FIG. 49: 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 main detector of CEPC/FCC-ee. Thefgreen 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.)[384].

AL =100 m

Riar =6m

FIG. 50: The left,and right plots show the layout of the Far Barrel Detector (solid lines)
relative to'the main detector (red) in the z-y (left) and y-z (right) planes. Taken from
Ref. [70].

Ref. [70] explores the potential to improve sensitivity for long-lived particle detection by
deploying a far detector positioned substantially farther from the IP than the main detector.
The proposed far detector may consist of stacked, multi-layer scintillator arrays in the barrel
région outside the main detector, also known as the Far Barrel Detector (FBD). Fig. 50 shows

the configuration of the far and main detectors, where R,,,, represents the outer radius of

http://cpc.ihep.ac.cn
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the main detector and the AL is the gap between the far detector and the main detector.

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

long-lived heavy neutral leptons are presented in Section X A 2.

3. Higgs boson decays

my=05GeV, L1=5.6ab! mx = 0.5 GeV
10° 10° =
-
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FIG. 51: Left: Sensitivity reaches of the CEPC/FCC-ee’s far detectors FD1, FD3, FD6
and LAYCAST in the Br(h =X X) vs. c7 plane for mx = 0.5 GeV. Right: Sensitivity
reaches of the CEPC/FCC-e€’s far detectors FD1, FD3, FD6, compared with predictions

for the CEPC/FCC-ee’s main detector (near detector, abbreviated as ND) and for AL3X,

CODEX-b and MATHUSLA100. Taken from Ref. [76, 384].

Refs. [76, 384]sstudyna pair of long-lived light scalars X produced from the SM Higgs

boson decays, b= 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, corrésponding to 95% C.L. limits with zero background events. Besides, sensi-
tivity resultsgin 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. 51, extracted from Refs. [76, 384], shows sensitivity reaches in
the branching ratio Br(h — X X)) vs. proper decay length ¢7 plane for the the light scalar
mass mx = 0.5 GeV. Sensitivity reaches for mx = 10 GeV are also given in Ref. [76, 384].

http://cpc.ihep.ac.cn
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FIG. 52: Sensitivity reaches of different experiments dssuthing Br(Z — y9%?) = 1073, Left:
results of the CEPC/FCC-ee’s far detectors FD1,,FD3, FD6 and LAYCAST in the
)\’112/m?; vs. myo plane. Right: results of the CEPC/ECE-ee’s far detectors FD1, FD3,
FD6, compared with predictions for the, CEPC/ECC-ee’s main detector (near detector,
abbreviated as ND) and other experiments. Taken from Ref. [76, 384].

Ref. [70] quantifies the enhancement,in sensitivity by a gain factor Fy,, as follows:

F, gain —

Nopen AQ [ e~ Bmax/d _ o= (Rmaxt+AL)/d
bs ) (6 e ) . (19)

N& 1 — e~ Fmax/d
where Ngps is the numbersof observed LLP events, Ny, is the number of generated LLP
event, AQ)/4r is the far detector’s geometric acceptance factor and d is the decay length of
the LLPs in the laboratory frame (R.x and AL are as shown in Fig. 50). The estimated
sensitivity gain fagtor, Fy.in, is obtained by considering the far detector in the barrel region,
which has a geometric acceptance factor of approximately 0.7, with R,,.x set to 6 meters and
AL set to 100 meters.. The calculated gain factors are summarized in Table VIII, highlighting

significant.sensitivity improvements for LLPs with lower masses and longer lifetimes.

4.  Z—boson decays

Ref. [76, 384] consider Z-boson decays to a pair of long-lived neutralinos in the RPV-
SUSY, Z — x9xY, 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

http://cpc.ihep.ac.cn
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FIG. 53: Left: when C,z = 0, sensitivity reaches of representative far detectors FD1, FD3,
FD6, LAYCAST and the CEPC/FCC-ee’s main detéctor (MD) with integrated luminosity
Lz = 150 ab™! in the C.,/A vs. m, plane. Right:nwhen both C. 7 and C., are free
parameters, sensitivity reaches with m, = 1 GV in‘the &%, /A vs. C, /A plane with £, =
150 ab~!. Takén from Ref. [384, 385].

the CEPC is specified as NSFPC = 7:0.x 10 ‘¢orresponding to a total integrated luminosity
of LIFPC = 16 ab™!, while N;°“7*"=,5.0 x 10'? corresponding to L5 = 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 LAYEAST are also presented, corresponding to 95% C.L. limits
with about 100 background events, to estimate the effect of non-zero background. Fig. 52
is reproduced from Ref. [76,884], and it show sensitivity reaches of different FD designs
assuming Br(Z — %), =07° for mgy < myz/2. Sensitivity reaches of both the FDs and
NDs at the CERC/FCC-ee with different integrated luminosities of £ = 16, 150, and 750
ab™!, are als¢ presented and compared in Ref. [76, 384].

5. Awzion-like particles

Refs. [384, 385] are follow-up works of Ref. [76]. Ref. [385] considers the eight designs of
FDs with different locations, volume, and geometries proposed in Ref. [76], while Ref. [384]
gonsiders another far detector design, the LAYCAST. They investigate the potential of

different far detector designs for discovering long-lived ALPs via the process e”e™ — va,a —
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FIG. 54: Contours of N, = 3 ALPs with m, = 300 MeV decaying within various ILC
detectors, as a function of the production cross section, @, and the proper lifetime, c7,.
Shown are the production channels ete™ — ay (léft)and ee~ — Zy — (ay)7y (right) at
Vs = 250 GeV and with £ = 250 fb~!. Predictions are.made for the ILD (blue, plain) and
far detectors placed in the Shaft (greengdotted),/in the Tunnel (red, dot-dashed) and on
the Ground (orange, dotted). The branching zatio of the ALP into muons is indicated by
B,.aTaken from Ref. [422].

~v at future e”e™ colliders running at the CM energy of 91.2 GeV and integrated luminosities
of 16, 150, and 750 ab™!. Sefsitivities to the model parameters in terms of the effective
ALP-photon-photon coupling @5, /A/(A is the effective cutoff scale), the effective ALP-
photon-Z coupling C, 7 /A, and the ALP mass m,, are presented for three physics scenarios:
C,z =0, C,z = C,y, and bothuC., 7 and C.,, are independent parameters. Sensitivity results
in terms of 3-signal=évent 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 ate also presented, corresponding to 95% C.L. limits with about 100
background events, to estimate the effect of non-zero background. Fig. 53 is from Refs. [384,
385] and two plots compare the performances of the representative far detectors FD1, FD3,
FD6gDAYECAST and the CEPC/FCC-ee’s main detector (MD). Sensitivity results for the

case that 5z = (., are also given in these studies.

Ref. [422] explores the discovery potential of FDs for long-lived ALPs at future e~e™
golliders, 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

http://cpc.ihep.ac.cn
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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)

7 is loeated

m, and the geometry is 18 m x 30 m x 18 m. The second type “Tunnpel"(T)
inside the access tunnel that surrounds the detector hall. Its positiontis 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 thesdetector hall. Its position
is centered around the coordinate (0, 75, 0) m, and the geometry is 1030 m x 10 m x 1000
m.

T = ~vyaor eet —

This study considers sub-GeV long-lived ALPs produeed via e e
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. 54 from Ref. [422], which shows the
sensitivity reach of the ILD main detectofiand 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 preduced frem meson decays at Belle II.

E.  Studies with beam dumps

Future e~ et colliders employshigh<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. alsé be instrumented at other e~e™ colliders such as the CEPC,
FCC-ee, and CLIC, despite the different beam energies. In particular, Ref. [423] shows
Fig. 55 illustrating a_sample setup of a beam-dump experiment 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 [424]. The length of water
cylinder alongthe beam axis is lqump = 11 m. Inside the main beam dump, electromagnetic
shower produces electrons, positrons, and photons. The muon shield length and the decay
volume length are Iy, = 70 m and lge. = 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 rge is set

http://cpc.ihep.ac.cn
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FIG. 55: The setup of the beam-dump experiment at the ILC ¢onsists offour parts: the
~
main beam dump, a muon shield, a decay volume, and a detectors The figure depicts LLP
signals including ALP (a) emissions via the photon interaction anddight scalar particle ()

emissions via the electron and muon interactions;yTaken from Ref. [423].

to be 2 to 3 meters. Recent LLP studies with heam dumR experiments are summarized as

follows.

1. ALPs and.ncw, scalar particles

The authors of Ref. [423] 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 thesbeam dump region l4ymp, the muon shield [y,, and the decay
volume [lge. are set to be 114n, 70 m and 50 m, respectively. The radius of the detector
Tget 18 set to 2 m and the detéetion 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
electrons into the beam dump is assumed to be Ngor = 4 x 10%! per year.

The signal production process is illustrated in Fig. 55. The ALPs are emitted by the
photons in_the'beam dump, pass through the muon shield, and decay in the decay volume
into photon paits, 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

http://cpc.ihep.ac.cn
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FIG. 56: Both plots are extracted from Ref. [423]"and show discovery sensitivities of the
beam-dump experiment at the ILC to the ALPs andynew scalar particles. Left:
sensitivities in the ALP-photon-photon eoupling (g, ¥s. 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 statisties; the shaded regions are constraints for E137 from
Ref. [425], SN 1987A from Ref. [425;.426], HB stars from Ref. [427], and SHiP from
Ref. [425, 428, 429]. Right: Semsitivities in the g, vs. mg plane for Model B (S couples to
muons only, i.e. g, # 0, g = g =10), where the signal process contains a muon in the
initial state (i.e. u+ N — pu+ Q%— S); the gray shaded regions are constraints from NA64u
and muon g — 2 from Ref. [430]; mote that, although the results for mg > 2m,, are absent

for NA64u, it wouldsalso have a sensitivity in that region generally.

shield and ingfront of and around the detector. Fig. 56 is extracted from Ref. [423]. 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%
@.L. with 1- and 20- year statistics, respectively. The right panel is for the sensitivity reach

muon-coupled light scalar particle.
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FIG. 57: Left: contours of expected number of signal events for the U(1)._,, model; the
beam energy is taken to be Epeam = 125 (green), 250 (red); andi500 GeV (blue); the dotted,
solid, and dashed lines are for Ny, = 1072, 1, and400?, respectively, taking N, = 4 x 102!;
the mixing parameter is taken to be r. = 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(L)._. model. Taken from Ref. [431].

2. New neutral gauge bosons

Ref. [431] studies the prospects ofisearching 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 infFig. 55. The authors consider LGBs coupled to leptons
e, iu, T with charges Qg, Q,,, @urespectively. Three cases of (Q., @, @-) = (1, -1, 0), (1, 0,
-1), or (0, 1, -1) aréstakenyinto account, corresponding to U(1).—,, U(1).—,, and U(1),_,
models, respectively. With one-year operation, about 4 x 10%! electrons and positrons are
injected intoghe 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 eN — e N'X (with
N and N’ being,nuclei). SM background is assumed to be negligible.

We extractFig. 57 from Ref. [431] 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 mx 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),_,
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FIG. 58: Limits in the m,, — gy plane for z;; >(0 and &g = 1 considering 10 MeV
<m, <5 GeV, showing the regions that could be probed by FASER, FASER2,
ILC-Beam dump, and DUNE. The parameter spaceis contpared with existing bounds from
different beam-dump experiments and & eesmological/observation of supernova SN1987A

(SFH020.0), respectively. Taken from Ref. [432].

case are also given in Ref. [431)s

Ref. [432] 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 anmihilation 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,
KEK, LSND, CHARM, and SN1987A. Fig. 58 is taken from Ref. [432], showing the limits
in the m, — gy plane for the case with xy = 2 and z¢ = 1, where xy and z¢ are U(1)x
charge parameters and gy is the U(1)x coupling. Further results with different x5 values

of 1 and 0.5 are also provided in Ref. [432].
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F. Summary and Discussion

Searching for new particles is one of the key focuses of current collider-based particle
physics. Beyond precision measurements, these future experiments can“also probenBSM
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 signatures different from the conventional ones. Such.\LLL.Ps 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~ ¢" colliders have unique characteristics;
higher luminosity is expected, the collider environment is cleaner, the trigger requirement
is typically looser, the absence of parton distribution imnthe electrons fixes the parton-level
collision energy, etc. These features arghappealing for collider searches for BSM physics
especially LLPs. Indeed, various phenomenological analyses have been performed for LLP
searches at future e~e™ colliders, afidsthus, 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. In Fig. 59, we show the sensitivity reach
for the Higgs decay to a pairfof longslived particle X with subsequent decay X — bb, vv
and a pair of long-lived dazksphoton yp with subsequent decay vp — qq, ¢ for CEPC and
HL-LHC projections [50, 433], where CEPC is about two orders of magnitude better than
HL-LHC.

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 applied indthe literature. We then have reviewed the existing LLP phenomenological
studies atfuture e~ " colliders according to the associated detector type separately. Mainly
three types of éxperimental setups have been under discussion for LLP searches at future
electron-positron colliders, namely main detector, far detector, and beam-dump experiment.
Theymain detector (near detector, abbreviated as ND) 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 MD experiments, we have reviewed existing works considering
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FIG. 59: The sensitivity reach for the Higgs decay to a pair of long—lﬁed particle X with
subsequent decay X — bb, v and a pair of long-lived dark photon#p with subsequent
decay vp — qq, 0¢ for CEPC and HL-LHC projections.

mainly LLPs from rare Higgs and Z-bosons’ decays, inclnding new light scalar particles,
dark photons, lightest neutralino in thegRPV-SUSY, and ALPs. Heavy Neutral Leptons
(HNLs) have also been studied, produced either, via direct collision or rare Z-boson decays.
Further studies include a long-livedsstau in the SUSY, and a vector-like lepton with a long-
lived accompanying scalar. Then, FDswith 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_ex Qle Z-boson. In general, we expect a modest improvement
on the sensitivity reaches compared to the case with the default MD only. Finally, a beam-
dump experiment hagibeen 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 partieles, and new neutral gauge bosons have been extensively studied, showing

excellent sengitivity reach compared to other existing or proposed experiments.

The MD, 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
theaelativelynelean 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
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region that could be probed by the MD. 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.
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FIG. 60: The gain factor F, (left axis)andithe corresponding detector surface area

(right axis) are shown for various farsdetector, configurations. FBD (106m) has AL set as

100m and FBD(66m) has AL set as 60m.

Fig. 60 compares the LLP/detection sensitivity and surface area requirements for vari-
ous far detector configurationsyincluding the Far Barrel Detector (FBD) [70], FD3 of the
FADEPC [76], LAYCAST [384], MATHUSLA [413], and FASER [410]. The gain factor Fgn,
as defined in Ref. [69], and the'eorresponding detector surface area have been calculated and
presented. The results'demonstrate that achieving a higher gain factor typically requires a
larger detector surface area. The findings also emphasize the important role that geometric
coverage plays inenhaneing sensitivity. Far detectors with limited geometric coverage, such
as MATHUSLA and/FASER, offer restricted sensitivity improvements compared to the main
detector with fdll geometric coverage.

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-
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
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LLP signal-event rates, such as FORESEE [434], DDC [435], and SensCalc [436], do met 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,sthese effects should

be included within a sophisticated framework.

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

spaces for installing the experimental facilities. Depending on thefavailable ‘space, the FD
can be placed in a cavern inside or in the vicinity of the experimentalthall, in the transverse
direction with respect to the IP. It is important that designing and pl&ming of such exper-
iments should already proceed before the construction of the mainexperiment starts. The

same conclusion applies for beam-dump experiment propesals, too.

Requirements for the detector technology: The detectorstechnologies need also further

development. For reconstructing a displaced vertex, the trackers should be equipped with
better tracking resolution, and the relevant analysisfalgorithms should be further developed
as well. In order for the FDs to havedgeod sensitivities, a large solid-angle coverage is
required; given the macroscopic distance to the:lP, the FD should have a large volume. If
displaced signatures arise pointing/tormew 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 c¢orrelation between the MD and FD, and removing potential
background events'from, thex¢osmic rays. See, for example, Refs. [408, 416, 420] for similar
discussion on preecision 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 conerete, lead, metal, or magnetic field, and sufficiently remove background events.
Finallyj 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,
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. [70] for a relevant

discussion. Moreover, additional collider experiments with other beam-type setups, can be
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considered for LLP searches as well, including pu*u~ [437-441], electron-muon 43],
electron-proton [378, 379, 444-446], and muon-proton [447-449] collisions. We

to be sensitive to parameter space inaccessible by hadron or e~e™ colli@rs.
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LLP Vs L Sensitivities on parameters
Signal Signature Detector Figs. | Refs:
Type [GeV]|[ab™!] [Assumptions]

Z(— incl.) h(— XX), Br(h — XX) ~ 1076
240 | 20 MD 38 |\[70]

X — qq/vv [m € (1,50) GeV, 7 € (1073,10~!)(ns]

Br(h — XX) ~3x1076
MD 5h.| [76]

New scalar [m=0.5GeV, cr ~5x 1073 m]

particles (X) |Z(— incl.)h(— XX), Br(h — XX) ~7x107°

240 | 5.6 FD3 51 | [76]

X — incl. [m = 0.5 GeV, ¢r ~ Lan]
Br(h — XX) ~5x 107°
LAYCAST 51 |[384]
[m=10.5 GeV, e~ 10~ L m)
5 —
Nio/m% € (2 x 1071,1078) GeV—2
MD 7 44 | [76]
[m ~ 40 GeV, BE(Z -+ x\)) = 107°]
RPV-SUSY
) Z = 31, A’m/m’;‘. € (1071107°)/GeV—2 ) .
neutralinos 91.2 | 150 FD3 ) 52 | [76]
) % — incl. [m ~ 40 GeViy Br(Z — YIx9) = 1073
1
Niqo/mi%e (7 x 1051°, 4077) GeV—2
LAYCAST " ) 52 |[384]
[m &40 GeV, Bi(Z — %)) = 1072]
ZM) — pmpta 91 | 150 MD fa/Ci, <950 GeV 45 | [75]
Coyh ~ 1073 Tev—1
MD & 53 |[384]
[Cyz=0,m~2 GeV|
ALPs (a) ete™ = va, Coy /A ~ 6 x 1073 TeV~!
91.2 | 150 [ FD3 53 |[385]
a— vy [Cyz =0, m ~ 0.3 GeV]

Coyry /A ~2x 1073 TeV™!
LAYCAST 53 |[384]
[Cyz =0, m ~0.7 GeV]

Hidden valley Z h(— 70nY), a(h) x BR(h — 7979) ~ 107* pb

350 | 1.0 MD 42 |[386]

particles () 7y — bb [m € (25,50) GeV, 7 ~ 102 ps]

Br(h — vpyp) ~ 107,
250, 2.0 | MD 43 | [73]
[m € (5,10) GeV, 7 ~ 10% ps, € € (1075,1077)]

Dark photons | Z(— ¢q@) h(= vpyD)s

(vp) Yp = €4 /qq

TABLE VI: Summary of xésults.from recent CEPC’s studies on LLPs. The first column
lists the types of the LLPs; the second column presents the corresponding signal signature;
the third and fourth colummns provide the center-of-mass energy and the integrated
luminosity; the fiffth columnindicates the considered main detector (MD) or far detectors
(FD3 or LAYGAST); the sixth column shows sensitivities on the couplings, suppression
scales, bran¢hing raties, or production cross sections with assumptions of the LLP’s mass
(m), lefetime(7) and others; the last two column provide the references. Check the main
text for the meanings of symbols and abbreviations.

Summary of results from recent CEPC’s studies on LLPs. The first column lists the types of the
LLPs; the second column presents the corresponding signal signature; the third and fourth
columns provide the center-of-mass energy and the integrated luminosity; the fifth column
indicates the considered main detector (MD) or far detectors (FD3 or LAYCAST); the sixth
column shows sensitivities on the couplings, suppression scales, branching ratios, or production
cross sections with assumptions of théfb:Péoaiaess {me) lefetime (7) and others; the last two

column provide the references. Check the main text for the meanings of symbols and

Page 126 of 272



Page 127 of 272 Chinese Physics C

oNOYTULT D WN =

127

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 LHCb
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.
L

N
TABLE VIII: Sensitivity/gainffactor Fyy,;, estimated for different LLP masses and lifetimes

with thefar detector. Taken from Ref. [70].

Fain Lifetime [ns]

Mass [GeV] 0.001 0.1 1 10 100

1 1 1 2899137
10 1 1 1 29101
50 1 1 1 1.1 3.3
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VIII. SUPERSYMMETRY

A. Introduction

Supersymmetry (SUSY) provides an intriguing candidate to solve the gauge hierarehy
problem in the Standard Model (SM). The Supersymmetric Standard Models (SSMs) intro-
duce many appealing features, including gauge coupling unification, and a matural mecha-
nism for electroweak symmetry breaking. In addition, the SSM provides‘a comprehensive
theory framework for novel phenomena. For example, the Lightest Supersymmetric Particle
(LSP) can serve as a viable dark matter (DM) candidate with Reparity conservation. The
SUSY searches at the LHC have already set strong constraintsion SSMs [362, 450-452].
While the CEPC is designed for lower energy, it covers important parameter spaces that are
difficult for a high-energy pp collider to reach. Thisis particularly important for the search
for a number of new physics particles [453-468]. In additio.n, the precision measurements at
the CEPC can probe SUSY even without directly producing new particles [329, 469-473].

In this section, we will focus on recent studies of.the CEPC on several scenarios with light
electroweakino and sleptons, and SUSY dark matter and long-lived SUSY particle searches
are discussed separately in Section VI amd Section VII. These scenarios can have various
physics motivations (for some examples, see Refs. [453, 474-477]). For both electroweakino
and slepton searches, the discovery potential can reach up to the kinematic limit of the
collider /s/2, and it is capable\)f covering interesting compressed mass parameter regions.
Heavier selectron particle ean be searched from light bino pair production via a t-channel
selectron, which can<break through the collision energy limits. Moreover, these studies also
serve as references and benchmark searches at other proposed electron-positron colliders,
such as the FCC-ee.and the ILC, given their similar nature in the physical process, center-

of-mass energies/and:target luminosities.

B. Light electroweakino searches

The light Higgsino particles, well-motivated by naturalness conditions, tend to have small
mass splitting among the chargino and neutralino [453]. Therefore, they are quite challenging
t0 be probed in the LHC experiments due to their very soft decay products. The sensitivity

studies for chargino pair production by considering scenarios for both a Bino-like and a
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FIG. 61: Top: Representative diagram for the pair production of charginos and subsequent
decay into dilepton final states.\ Bottom: Projected limits at the CEPC (purple dotted) in
comparison ATLAS observed and.expected exclusion limits on simplified SUSY models for

chargino-pair produetion with Higgsino-like LSP. Limits from the LEP are shown in light

grey.

Higgsino-like/meutraling as the LSP have been performed and published in Ref. [478]. 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. 61.

Alight bino (m 5 ~ O(10) GeV) scenario is motivated by Gauge-Mediated SUSY Break-
ing [479]. This scenario has been studied for the CEPC [480], 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 (G). The process of bino pair produc-

tion via a t-channel selectron (€), where bino subsequently decays to gravitino and a photon,
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FIG. 62: Top: representative diagram illustrating light bino production. Bottom left:
acceptance ofsignaland/background processes as functions of m . Here the acceptance of
the background/prodess has been multiplied by 10,000. Bottom right: 20 exclusion and 50

observation limits on the ms — my 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).

has been considered, namely ete™ — BB — 4yGG. The corresponding dominant back-

ground process is ete™ — yyvv (via Z boson invisible decay), which has been suppressed

http://cpc.ihep.ac.cn
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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 be sensitive to selectronlighterthan
4.5 TeV (2 TeV) with bino mass around 10 GeV (100 GeV), as shownyin Fig. 62. This is
much larger than the current LHC bound which excludes selectron mass. onlyup to several

hundred GeV.

C. Light slepton searches

Light smuon and stau particles are interesting to search for'in their own right, and they
are also favored by SUSY explanations to the latest muonig-2 excess. Similar to case with
light electroweakinos, it is challenging to search for light smuons and staus at the LHC,
especially in the compressed region where their masses are close to that of the LSP. Note
that such compressed regions are favored by dark amagtet relic density requirements, and
they have been explored for the CEPC/[481]. This study assumed a flat 5% systematic
uncertainty, the discovery sensitivity was predieted to reach 119 (118) GeV for smuon (stau)
mass via direct smuon (stau) prodiiétion, andithe results are shown in Fig. 63 (left). This
demonstrate that the CEPC can fill a‘significant gap to narrow down on the compressed
region.

The center-of-mass energy/of the CEPC will be upgraded to 360 GeV after its ten-year
running at 240 GeV as a Higgs.factory. A dedicated sensitivity study on direct stau and
smuon pair production at the’ CEPC with /s = 360 GeV has been carried out in Ref. [482].
This study assumed 1.0 ab™ integrated luminosity and a flat 5% systematic uncertainty.
The CEPC at 3604GeViis predicted to be capable of discovering the production of combined
left-handed and‘right-handed stau up to 170 GeV; the discovery potential of direct smuon
reaches up t0 178 GeV with the same assumptions, as shown in Fig. 63 (right). This result
also gives. a.strong motivation to raise the center-of-mass energy of CEPC from 240 GeV to
360 GeV.

Relativelysheavier selectrons, especially above the kinematic limit for direct production,
can also be searched for in the process [483]: efer — X{(bino) + x(bino) + v, as shown in
Fig. 64. 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 selec-
tron can be excluded up to 180 (210) GeV respectively at 3(2)o. On the other hand, if the
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FIG. 63: Top: representative diagram illustrating the pair production of charged staus
(smuons) and subseguent decay into a two-tau (two-muon) final state. Bottom: The 5o
discovery contour(solidiline) 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.

annihilation threugh the Higgs pole dominates, right-handed selectron will be excluded up
to 1400(180). GeV at 3(2)o.

Another in-depth exploration is performed for the off-shell sparticle pair production at the
CEPC [484]. Assuming a flat 5% systematic uncertainty, the discovery sensitivity reaches
up to 126 GeV (122 GeV) for the smuon mass, as shown in Fig. 65, which can break through
the limits of the on-shell kinematic limit of /s / 2 and enter the off-shell region in detecting

http://cpc.ihep.ac.cn



Page 133 of 272 Chinese Physics C

133

+
('R 7 R X

oNOYTULT D WN =

9 =0 In

| g

20 —— Zpole

21 101 —=—nHiggs pole
22 — 50

significance[o]

34 o 1(')0 200 300 400

35 ms,[GeV]

37 N
38 FIG. 64: Top: Representative diagram illustrating heavier selectron production. Bottom:

Significance of exclusion ability.

new physical précesses.

45 A recent study/ [485) censidered F-SU(5), i.e., the flipped SU(5)xU (1) x GUT model [486]
47 with extra.TeV-scale vector-like particles [487] that have been constructed systematically in
49 local Frtheory model building [488, 489]. Alternatively, these models can also be realized
51 in free fermiomic string constructions [490]. Super-Natural SUSY via No-Scale SUGRA is a
natural resolution to the SUSY EW fine-tuning (EWFT) problem, but it can not realize the
54 specific scenario with a light bino LSP due to a correlation of the bino mass with the Wino
56 and gluino masses. Therefore, the Generalized No-Scale SUGRA is proposed, where effective

58 super-natural SUSY can be realized. To uncover the ‘bulk region’ for relic density, only
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FIG. 65: The prospected exclusion contour and discoveryscontour at CEPC for the direct

smuon production witlhb% flat Systematic uncertainty.

light right-handed sleptons can be comsidered given that the LHC SUSY searches indicate
that all other sfermions must besheavy. It is shown that the ratio of the mass difference
Ry = (my — mgo)/myo plays an important role, and Ry 2 10% is a conservative criterion
to formulate the bulk region via traditional annihilation-dominated thermal freeze-out. The
bulk region stau and selectron mass relations are illustrated in FIG. 66, where all points
satisfy current experimental constraints, and Rz plots as a function of the Bino-like neu-
tralino myo.(Theimass hierarchy in F-SU(5) is mgo<mz <mg, = my,, hence, R, always

2> 10% implies

Y

exceeds R I theBino contributes all the DM abundance, the ratio Rz
mgo <{103.0 GeV. The upper limits on the 7 and éz masses are around 115 GeV and
150¢GeV , respectively. Recognizing 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) [4, 378] at CERN and the Circular Electron-Positron
Collider (CEPC) [13] with its sensitivity specified in Ref. [481].
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in this chapter, which summarized in Table

overy potential is primarily constrained by the detector kine-
oduction. However, when a supersymmetric particle can be
@ -shell supersymmetric particle is produced via the

@ !i ough the collision energy limits and probe heavier super-
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Search Production Vs [GeV]|L[ab™1] Sensitivity Figs. | Ref.
chargino pair 240 5.05 chargino excluded up to 120 GeV. 61 |[478]

Light electroweakino —— o

ete™ — BB — y7GG. 240 5.6 selectron excluded up t0,4.5 TeV 62 |[480]
smuon pair 240 20 smuon excluded up 119 GeV. 63 [[481]
Light slepton stau pair 240 20 stau excluded up 119 GeV 63 [[481]
smuon pair 360 1 smuon excluded up 177 GeV 63 [[482]
stau pair 360 1 stau excluded up, 176 GeV 63 |[482]
ege}; — X9 (bino) + ¥ (bino) + v 240 3 right-handed seléctron excludedyup to 210 GeV| 64 |[483]
off-shell smuon pair 240 5 smuon excluded up 126 GeV 65 |[484]
F-SU(5) - - upper limits om 7 ap to 115 GeV 66 |[485]
F-SU(5) - - upper limits on €z up to 150 GeV 66 |[485]

TABLE IX: Recent results from CEPC studies on SUSY. The first column lists the signal

signatures, the second column presents the corresponding production modes, 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

- 4
the last column provides/the references.
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FIG. 67: The exclusion reaches for higgsino and slepton at CEPC and LHC. The

Particle mass [GeV]

compressed SUSY particles are picked for the comparison except for selectron.
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IX. FLAVOR PORTAL NEW PHYSICS

The CEPC, when running at the Z pole, allows us to probe the flavor structures of
the Z couplings to matter fields with extremely high precision. This also allows us'to get
very large samples of all b-flavored hadrons, charmed hadrons, and mleptons, with large
boost in a very clean environment. These features make the CEPC also a flavor factory,
which has a unique sensitivity to a large number of flavor processesithat are generally not
accessible at the current LHCb and Belle IT experiments [370, 49177 Tt is also stated in
many dedicated studies [491] that the CEPC’s higher energys(operating at the Z pole or
even higher), clean lepton collision environment and advaficed detector system provide many
powerful, sometimes unique, flavor physics probes (seg als0,[492=505] for examples at CEPC

or parallel proposals).

The CEPC holds significant potential in the realmnof flavor physics that enables the
imposition of various indirect constraintghen BSM, A ¢rucial aspect to be mentioned is the
role of the Cabibbo-Kobayashi-Maskawa (€KM) matrix, which, in the SM, is defined and
primarily measured via charged-cutrent couplings at the electroweak scale or lower. This
matrix is particularly sensitive to the general NP couplings, especially since many high-
precision or highly sensitive flaver processes are not charged currents in nature. Governed
by electroweak gauge coupling'and unitarity, the CKM matrix imposes stringent restrictions
on the BSM couplings to gquarks. Therefore, unless the BSM physics introduces couplings
to the SM quarks that adhereto the specific patterns of the CKM matrix, rather than being
of arbitrary flavor structures, the scales of NP probed by flavor physics will be significantly
elevated, extending'well beyend the TeV range.

The sensitivityof the flavor sector in the SM to NP is underscored by several fac-
tors. Firstly, the suppression of flavor-changing neutral-current (FCNC) processes by the
Glashow—lliopoulosAMaiani (GIM) mechanism [506] in the SM is a key aspect. This makes
the FCNC proéesses very rare in the SM and, at the same time, quite sensitive to various
BSM physiess® A typical example here is the Bdoﬁ — Bg}s mixings. Secondly, the charged
lepten-flavor violation (cLFV) represents a special case of FCNC, exhibiting even greater
suppression due to the light neutrino masses. Any observation of a cLFV process is defi-
nitely a distinct sign of BSM physics. Thirdly, the flavor sector of the SM is characterized

by several (approximate) symmetries. One of them is the approximate, accidental symme-
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try among the three generations, leading to lepton flavor universality (LFU) that is only
slightly violated by the 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 suppressed, 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!2 GeV) for many flavored particles, rendezing them long-lived. Con-
sequently, the small SM widths significantly amplify the impaect of an;NP amplitudes. To
better demonstrate the sensitivity of the flavor sector to NP, ‘one canswrite the reach of the

BSM scale Axp from dim-6 operators via charged-current b, — ¢ transitions as:

1

Axp ~ (G p|Vip|Sexp) "2 ~ (1.5 TeVYidad , (20)

where ey, is the relative precision reached in the experi@ent. Similarly, from the FCNC

b — s transitions one may obtain

N[

o m2 \ -
ANP ~ <Em_€vGF|‘/tbv;s|5exp>

~ (30 TeV) X bu . (21)
In both cases the interpretation is model-dependent, which are common in indirect searches.

The aforementioned arguments are actually pertinent to both direct and indirect search
methodologies. Indirect probes, particularly abundant in the flavor sector, transform effec-
tively all flavor physics studies into potential avenues for BSM investigation. This is due to
the fact that certain processes\dre more germane to NP searches for a variety of reasons.
Conversely, light BSM degrees of freedom may be produced through their interactions with
the SM fermions. This pessibility is imminent since the SM gauge interactions of these light
states must be sufficiently suppressed to align with the existing experimental data. The
following highlights,are some of the most prominent examples of BSM searches at CEPC
interfacing with flavet physics, with key numbers summarized in Table X. For a more thor-

ough reyiew on the'potential and phenomenology of flavor physics at CEPC, we refer the

readers'to Ref. [491].

A. cLFV processes

Reflecting on the cLFV searches at CEPC, the facility’s significant integrated luminosity
in the Z-factory mode notably enhances its capacity for exploring cLFV directly from Z and
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Measurement Current Limit CEPC
BR(Z — Tp) < 6.5 x 1076 0(10™)
BR(Z — Te) < 5.0 x 1076 0(1079)
BR(Z — ue) <7.5x%x 1077 1078 — 10710
BR(T — ppp) <21x1078 0O(10749)
BR(1 — eece) < 2.7x 1078 0(10719)
BR(T — eup) <2.7%x10°8 O(10 1)
BR(T — pee) <1.8x 1078 0O(10710)
BR(T — ) < 4.4 x 1078 ©(1071%)
BR(T — ev) <33x107° 0(10719)
BR(B; — ¢vi) < 5.4 %1073 < 1% (relative)
BR(B® — K*0r+77) \ $0(107%)
BR(B, — dr'7°) / y < 0(10-9)
BR(BT — K*rt77) < 2125 x 1073 < 0(107%)
BR(Bs; — 7t77) < 6.8 x 1073 < 0O(1079)

BR(B® — 270)

CGP(BO — 271'0)

+16% (relative)

£0.22 (relative)

+0.25% (relative)

+0.01 (relative)

BR(B; = wv)
BR(B. — J/171)/BR(B. =W/ ¢uv)
BR(B, — D qw) HBR(B, — D\ )

BR(Ap = Ae7¥)/BR(B. — Acpv)

< 30%

+ 0.17 £ 0.18

+ 0.076

+ 0.5% (relative)
+2.5% (relative)
+0.2% (relative)

+0.05% (relative)

BR(7 = pXiny)

BR(B = tXLLp(— pi))

7x107*

(3-5)x10~6

O(10710) (optimal)
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only the rough sensitivity levels are reported. See Ref. [491] for more details.
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TABLE X: Preliminary sensitivities of flavor physics probes at CEPC to BSM physics,
adapted from Ref. [491].5The notation Xj,, stands for an invisible narrow resonance and
Xyprepresentsia 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. 68. 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,
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7 decays. These two modes benefit immensely from the CEPC’s design and energy range,
making it an ideal platform for such investigations.

The cLFV in Z decays is a primary focus, particularly in modes like,Z — ey 2 — 7u,
and Z — 7e. Each of these decay processes provides a unique window into petential BSM
physics. When searching for Z — pue decays, the bottleneck of detection comes from the
small but non-negligible lepton misidentification rate. Conversely, i modes involving the 7
lepton, 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 ones by more than two orders of magnitude. Note that testing cLFV NP 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 being analogous, is slightly
more intricate due to the additional production of Zim the e*e™ — HZ process. Although
the absolute sensitivity in these Higgs decay miodes mightrbe limited by smaller statistics,
their higher energy scales and couplingshcould provide valuable complementarity for NP
searches.

In terms of 7 decays, many CEPG. flavor physics projects are proposed to investigate
a wide array of cLFV processes. The decay modes like 7 — 3u, 7 — py, and 7 — ey
are of significant interest, sincedirect resonance peaks can be reconstructed in their final
states. Due to the clarity of their phemomenology, they are chosen as benchmark channels.
Besides, the heavy mass of the:rlepton compared to other leptons makes its collider behavior
more akin to flavored hadrons, fitting well with the energy range and detector design of the
CEPC. This aspect of 7. decaysoffers an array of valuable channels for cLFV studies, further
underscoring the CEPC’s discovery potential.

B." Decays of b-flavored and charmed hadrons

Rare decaysfof b-flavored and charmed hadrons induced by FCNC transitions are in-
herently loop=suppressed in the SM, rendering them highly sensitive to potential contribu-
tions from BSM. 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
t0 constrain critical parameters like the CKM matrix elements. Meanwhile, for some of the

charged-current induced decays of these hadrons, especially the (semi)leptonic decays in-
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volving the 7 lepton, evidences from several experiments during the past years suggest, that
LFU is violated in the tau sector. The magnitude of such a violation, if fully confirmed, is'a
clear indication of BSM physics. Investigating such possibilities with the highest precision
is then a great opportunity to explore the nature of leptons.

As a powerful facility for flavor physics, CEPC also presents unique,opportunities for
studying many rare FCNC decays of b-flavored and charmed hadrgns, which'may be chal-
lenging to probe at other facilities. Such modes often involvesfinal-state particles that
demand exceptional energy/momentum resolution for precise reconstlaction. Additionally,
the inherently rare nature of these decays necessitates a very low. baekground level for effec-
tive study, a condition that is readily met by the capabilities of CEPC. Importantly, many
FCNC processes in the SM exhibit non-trivial CP-violating properties, and play a pivotal
role in flavor physics. Measuring these CP properties not only deepens our understanding of
flavor physics, but also serves as a powerful tool forddentifying new sources of CP violation
beyond the SM CKM matrix. Prominenttexamples of suich processes include b — s77 tran-
sitions, which involve multiple neutrinos im théyfinal state, and By — n%7% — 47 decays.
The study of these processes at CEPE, could provide crucial insights into the intricacies of
flavor physics and CP violation, shedding light on phenomena that lie beyond our current
understanding of the SM.

In parallel with the phenomenological studies of various FCNC transitions, the charged-
current induced transitionssof bflavored hadrons at CEPC, especially the b — c/(T)v pro-
cesses, 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 rarity of B ameson and the elusive nature of ¢(7) 4 v final states. To better constrain
the forms of BSM physics behind, other relevant modes with distinct hadron dynamics like
Bs — Dg*)E(T)V, B. = J/Yl(T)v, and Ay, — AL(T)v are also studied. The characteristically
relative sensitivity to these decays achieved at CEPC is of O(1072) or less, which can also

be interpreted in terms of EFT operators with a scale of multi-TeV according to Eq. (20).

C. Light BSM degrees of freedom from flavor transitions

Among the ongoing research at CEPC, two benchmark cases are currently in the prelim-

inary stage, focusing on detecting BSM states emerging from either cLFV or quark FCNC
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FIG. 68: Left: Reconstruction of invisible particle mass squared ¢*= (p, — p,)? from 7
decays to p and an invisible BSM particle. Right: Prejected sensitivity on FCNC
B — KXppp(— ptpu™) as a function of Xppp lifetime. Two, mass benchmarks are shown as
blue and red curves, respectively. Both plots are taken from [491].
L
processes. These benchmarks are distinguished by the nature of the BSM state involved:

one involves an invisible BSM state, whileithe other involves an LLP in the final state.

For the scenarios involving invisiblesnew particles, the reconstruction process presents a
significant challenge, particularly in the preliminary studies that utilize fast detector simu-
lation instead of a full simulations, The crux of reconstructing such final states lies in relying
on the global energy-momentiim conservation within the detector system. Supplementary
information, such as track.impagt parameters, is also crucial as it provides additional con-
straints for the reconstruetion process. Given the potential complexity of the reconstruction
algorithms required, current stiidies at CEPC are focusing on inclusive Z — 77 + Xj,, pro-
cesses, where X;,/is the mvisible new particle. In these processes, the extra particle X is
either generated wia cLF'V decays of the form 7 — ¢X or emerges from final-state radiations.
This particlg 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 from 7 decays,
provided all these data elements are properly integrated. This achievement is illustrated

in the left panel of Fig. 68, showcasing the capability of CEPC in detecting and analyzing
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such elusive BSM states. Depending on the new particle’s mass, the expected sensitivity on
BR(7 — pXi,) may reach a level of O(107%) 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 FC€NC
transitions. These light LLPs could be exemplified by ALPs, dark phetons, or other NP
models. A key aspect of this study is the model-independent naturé 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 réeonstruicted 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-meson decays typically below 107 - it is unlikely that more than one displaced vertex
will be observed in a given event. &

The current analysis primarily focusegfon the décay mode Xi1p — ™, where the phe-
nomenology at CEPC is expected to be straightforward, characterized by a low background
level and a high signal efficiency. Thesproduction 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 interaetions in some NP models. The preliminary results of this
study are concisely summarized in the right panel of Fig. 68. At CEPC the light LLPs could
also be produced from Higgsrdeeays or, more importantly, Z exotic decays [78, 507, 508|.
The flavor portal production/hen serves as a complement to 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 andvanalyze these rare events at CEPC.

D. Summary

The Z-pole operation of CEPC also serves as a flavor factory, generating and measuring
flavored hadrons and leptons with high statistics and resolution. It will become the leading

flavor physics experiment, refreshing our knowledge of flavor physics. We present a few
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FIG. 69: Summary plot of relevant flavor physics probes at CEPC. The upper and lower
parts of the plot correspond to the BR upper limits reached and the sensitivities of SM
processes. The current limits of 7= 3¢ and ¢~ channels are taken as the best one among

a\ll lepton flavor combinations.

benchmarks for investigating feeble BSM effects with flavor physics probes above. In these
cases, the SM amplitudes,are generically suppressed due to various reasons. Consequently,
the relative impotrtance of NP is enhanced, and a high signal-to-noise ratio may be reached
at CEPC. Examples.include cLFV transition processes, rare FCNC decay processes, and
light BSM particle ptoduction from its interaction with the SM flavor sector.

We list in Table’X several channels where CEPC contributes potentially to BSM physics.
However; the interpretation of BSM physics is highly model-dependent since the BSM im-
pacts are indirect here. In Fig. 69, we illustrate the target precision at CEPC in a model-
independent way, together with the current best limits. Here we present only the conservative
upper limits for many processes, because the systematic uncertainties cannot be precisely

determined at the current stage.
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X. NEUTRINO PHYSICS

Neutrino oscillation [509, 510] has firmly established the first and the only,laboratory
BSM evidence to date. Within the SM, the neutrinos are strictly massless'to all orders in
perturbation theory, and even non-perturbative effects cannot induce neutrino mass due to
the SM’s unbroken global B — L symmetry. Therefore, studying netttrino mass generation

mechanisms will pave the way for discovering underlying BSM physics.

Under collider environments, neutrinos behave like missing energy and they are typically
undetectable at calorimeters. The first direct observation of neutrino interactions at a
particle collider experiment was only recently achieved By, the FASER collaboration [511].
However, any nonstandard neutrino interaction effect is yet to be seen. In this section, we
outline several possible BSM signals associated withithe neutrino sector that potentially
become observable at the CEPC. We also discuass their far-reaching implications for other
outstanding puzzles of the SM, such as ghe origin of dark matter and visible matter. For

reviews of neutrino physics at colliders, see\Refs. [512, 513], etc.

Perhaps the most striking collidef'signals associated with neutrino mass generation mech-
anism are the lepton-number violating signals with same-sign charged lepton pairs, e.g. the
Keung-Senjanovié process pp —=¢*jj for hadron colliders [514], which is the high-energy
analog of the neutrinoless double betardecay (0v33) process, but now with any lepton fla-
vor. This is generically expeetediin theories of Majorana neutrinos, when we parametrize the
(B—L)-breaking effects through an effective dimension-5 Weinberg operator LLH H /A [515].
A well-known UV-complete example is the type-I seesaw mechanism [516-521] with heavy
right-handed neutrinos,(RHNs). This can be realized by just adding the Majorana RHNs
to the SM partiele content, or in more natural ways by extending the SM gauge group
to higher gauge groups like U(1)p_r [522-524], SU(2)L x SU(2)g x U(1)p_r [525-527] or
SO(10) [528,529], where the RHNs are necessary for anomaly cancelation. Thus ensues
a very rich collider phenomenology of the RHNs [512], if the seesaw scale happens to be
around theelectroweak scale. Here we will only cover some aspects of RHN phenomenology

directly relevant to CEPC.

Other simple well-motivated tree-level seesaw models include: the type-II seesaw where
a'left-handed triplet Ay, is introduced to realize the seesaw framework [521, 530-534]; the

type-11I seesaw which is similar to the type-I seesaw, with the singlet fermions N replaced
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FIG. 70: Summary of prospects of heavy neutrinho massm y and the heavy-light neutrino
mixing |U|* at the CEPC. The solid lines are for/U, d?splaced vertex (red) [555]. The
dashed lines are for U,y: main detector.and HECATE (darker and lighter brown) [421].
The dot-dashed lines are for U,y = U,n: main detector (near detector) and far detectors
(lighter and darker purple) [76]. All the shaded regions are excluded by current limits,
with solid for U.n and dashed for U,y [656]. The long dashed black line indicate the

parameter space for the seesaw-mechanism, while the shaded orange region is favored by

the leptogenesis mechanism [557].
N

by triplet fermions 535, 536]sThe tiny neutrino masses can also radiatively generated at
loop levels, e.g. insthe Zee.model [537] and Ma model [250] at 1-loop level and the Zee-
Babu model [538, 539] at 2-loop level, where some beyond SM particles, including DM
partcles in seime models; are introduced to generate the neutrino masses. A comprehensive
review of the tree and loop level of neutrino models can be found e.g. in Ref. [540]. The
phenomenology.of the neutrino models above are closely correlated with the high-precision
low-energyphysics, e.g. the lepton number violating neutrinoless double-beta decays (0v5/3)

and the parity-violating MOLLER experiment [541-554].

In this section we focus mainly on the prospects of neutrino relevant physics at the CEPC.
Subsection X A is on the prospects of heavy neutrino N at the CEPC. The heavy neutrino
N can be produced at high-energy lepton colliders via the process ete™ — v N through the
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heavy-light neutrino mixing U,y with the flavor index o = e, pu, 7, and tends to belong-
lived at the CEPC for its mass my below tens of GeV. This makes the heavy neutrino a
good candidate for the LLP signals in Section VII. It is also possible forhe heavy neutrinos
to induce prompt signals at the high-energy lepton colliders. The prospects 6f.mny andy|U|?
at CEPC are collected in Fig. 70. As clearly seen in this figure, the mixing angle |U|? can
be probed down to O(107) at the CEPC, covering a substantial region. that is favored
by the “low-energy” leptogenesis [557]. The heavy neutrino can_be pair produced from SM
Higgs decay, i.e. h — NN. It is found that the corresponding branaling fraction can be
probed up to O(107*) at the CEPC at the 20 C.L. (cf. Fig.74) [558], and the sensitivity
of heavy-light neutrino mixing angle |U|? can be significantly improved to O(107) in this
channel (cf. Fig. 75) [559]. In some scenarios, N can also be.produced at the lepton colliders
via other BSM particles, e.g. the Z’ boson in U(1) models or the SU(2)g-breaking scalar
in the left-right symmetric model (LRSM) (cf./Figs. 76.amd 77) [560, 561]. The prospects
of non-standard neutrino interactions (NSIs) is presemted in Subsection X B. It is found
that the precision of such interactions cam besimproved by roughly a factor of 50 at the
CEPC with respect to current constraints (ef. Fig. 78) [562]. The active-sterile neutrino
transition magnetic moments can be ptobed up to @(10~7 GeV '), as shown in Fig. 79 of
Section X C [563]. The sensitivities of neutral and doubly-charged scalars in seesaw models
is given in Section X D. The Yukawaicoupling of neutral scalar H to charged leptons can
be probed up to O(10~*) atythe CEPC in the on-shell channels (cf. Fig. 80), while the
neutral and doubly-charged sealat masses can be probed up to the few-TeV range in the
off-shell channels (cf. Figs. 8land 82) [564, 565]. The connection of neutrino physics to DM
and baryon asymmeétry. in the Universe is investigated in Section X E. It is found that the
CEPC can probe wide region of my and |U|* which is consistent with seesaw mechanism

and leptogenesis (ef. Fig. 83) [557].

A. Prospects of heavy neutrinos
1. Heavy neutrinos at the main detector

In Ref. [555], the authors investigate the sensitivity of future lepton colliders to long-

lived heavy (almost sterile) neutrinos N with electroweak scale masses and detectable time
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of flight, via displaced vertex signatures. The theoretical framework is an explicit, low-
scale seesaw, the Symmetry Protected Seesaw Scenario (SPSS) model [566]./ The gignal
process is e e™ — vN running at the Z-pole and /s = 240 GeV at the CEPC. The ILC’s
Silicon Detector (SiD) is used as the benchmark detector at future lepton eolliders 376].
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) aregonsidered to
be free of backgrounds and detectable by SiD. Using 4 million Higgs bosons, the squared
mixing angle |f|* of heavy neutrino could be constrained to 107° level,\with my as high as

70 GeV, and the Z pole operation could even limit theta to 105! levél for my < 50 GeV.

Here we list some other studies of heavy neutrinos N appearing as displaced vertices at
future lepton colliders. Ref. [567] studies heavy neutrinosn/V at future lepton colliders in
the framework of the neutrino-extended Standard Model Effective Field Theory (v'SMEFT).
The study focuses on four representative running medesinthe FCC-ee with /s = 90 and 240
GeV, the CLIC with /s = 3 TeV, and@yrepresentative muon collider with /s = 3 TeV.
With dimension-six EFT operators included, additional production and decay modes for the
heavy neutrinos are present besides these arising from the mixing with the active neutrinos.
The authors consider single- and pair-preduction of N via four-fermion operators, and the
most relevant additional decay medes are identified to be N — vy (induced at 1-loop level)
when my < 15 GeV and N/— 3f for larger masses, where 3f denotes various possible
three-fermion combinationss"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 appear 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 — v, 3f4 thecutoff scaled can be probed up to roughly 20 TeV at the FCC-ee 240 GeV

with an integrated luminosity of 5 ab™!.

Similarly, Ref. [568] focuses on long-lived heavy neutrinos via displaced vertex signature
at the FCC=ee' running at the Z-pole. This study assumes that only one Majorana heavy
neutrino N mixes with the electron neutrino. The signal processis e"e™ — vN — v(eTe v),
and the background processes include Z — ete™, 7777, bb, ¢, 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
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line to the projected back-trace of the displaced tracks in the transverse plane. LLPsdecay
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 mms, Assuming Z-pole
running with an integrated luminosity of 150 ab™!, it is found that the squaredumixing |V |?

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

Ref. [569] investigates methods to observe lepton number violation (LNV) and distinguish
Dirac and Majorana heavy neutrinos N at future lepton collidersi(seeralso Refs. [570-575]).
These methods include the angular distribution and spectrum of the h;wy 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 Dirae cases, leading to a decay length
A differing in displaced vertex searches at colliders. [Therefore, according to Eq. (16), the
decay probabilities inside the same detector should beidifferent between the Majorana and
Dirac cases as well. This implies different numbersfof 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. It should be noted that
the analytic formulae that are used to generate Fig. 1b in Ref. [569] can be generalized to

other LLPs in a straightforward manner, and considerably simplify the computation of the

corresponding event rates, e.gt those in, Section VIIB.

Ref. [576] studies the potentialief 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 léptomieolliders. At lepton colliders, the signal process is e et — Z —
vN, N — ve~ e* vy at /8 = 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 [577]. For the e"e™
final state, the background processes include Z — e“e™ + inv., e et — e etvi. To reject
thedbackground by exploiting the long-lived signature of N, the following two choices of
a displacement cut are applied: rgisp > 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. 71 shows the FCC-ee potential to the parameter space of the heavy neutrino

mass my and the dipole coupling |d,|, assuming 5 x 10" Z-bosons produced in total,
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FIG. 71: The potential of FCC-ee to miy‘and the dipole coupling |d,| at the 90% C.L. at
the Z-pole with a luminosity of 150 ab: . Ehe solid and short-dashed blue lines
correspond respectively to the vertex tramsverse 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. The sensitivities at CEPC can be obtained by a simple rescaling of the

luminosity via 1/150/100 ~ 1.22. Taken from Ref. [576].
N

corresponding to a luminesity 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/ For the case of CEPC, the nominal luminosity at the Z-pole is expected
to be 100 ab~!“/The corresponding sensitivities of d, at CEPC will then be weaker than
those at FCC-ee by a factor of 1/150/100 ~ 1.22. 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. [76] considers Z boson decays to an active neutrino and a long-lived heavy neutrino
N, 7 = vN, at /s = 91.2 GeV. In the analysis, the total number of the Z bosons produced
at the CEPC is specified as NSFFC = 7.0x 10! corresponding to a total integrated luminosity

http://cpc.ihep.ac.cn
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FIG. 72: Upper panel: Sensitivity reaches of the CEPC/FCC-ee’s far detectors FD1, FD3,

FDG6, in comparison with prospects at the main detector (near detector, abbreviated as

ND) and other experiments. Lower panel: Sensitivity reaches of ND, FD3 and FD6 at the
CEPC/ECC¢ee with three different integrated luminosities £z = 16, 150 and 750 fb~*.

The gray regions are excluded by current constraints. Taken from Ref. [76].

of LZPPC =16 ab™!, while N;99* = 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

Jsignal-event contour curves are presented in Fig. 72, reproduced from Ref. [76]. The

sensitivity reaches of the CEPC/FCC-ee’s far detectors FD1, FD3 and FD6 in the plane of
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my and |V,y|? (with @ = e or p) are shown in the upper panel, in comparison‘with the
current constraints in gray and prospects at the main detector (near detector,/abbreviated
as ND) and other experiments including the LHC FDs. The luminosity, has been taken to
be 150 ab™!. The sensitivities of the main detector (near detector, abbreviated.as ND)pEFD3
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 showmias the dashed lines in
the lower panel, with £z = 750 ab™!. It is clear that the main deteEtor and FD6 at the
CEPC or FCC-ee may probe the type-I seesaw limits on |V, n|%5if mgf lies between 10 GeV
and 60 GeV.

We note that if high-precision timing ~ O(picosécond)information can be obtained, it
is possible to correlate the activities at the MD_and. the FD that stem from the same
collision event at the IP. Achieving this event gorrelation would allow for observing lepton-
number-violating (LNV) processes that gould arisey e.g. from long-lived HNLs. Ref. [420],
for instance, shows its feasibility with the'proposed LHC far detectors; if observed, such
LNV processes can pin down the Majorana mature of the neutrinos. In principle, similar
strategies can also be implemented at high-energy ete™ colliders.

Ref. [421] proposes to installva HErmetic CAvern TrackEr (HECATE) at the CEPC
and FCC-ee, which is similar to the far detectors FD3 and LAYCAST in Section VII. The
HECATE detector would eomsistrof resistive plate chambers (RPCs) or scintillator plates,
constructed from extruded scintillating bars, located around the cavern walls and forming a
47 detector. In order te obtaim®iming 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. (16), in their analyses, the
decay probability of long-lived heavy neutrino inside the detector’s fiducial volume is related
to ‘exp{—lo/An} — exp{—I;/Anx}. The total number of Z bosons are taken to be 3.5 x 10!
and 2.5 % 10'? at CEPC and FCC-ee, respectively. We extract Fig. 73 from Ref. [421] 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
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31 FIG. 73: Sensitivities for nine signalevents'that can be achieved at FCC-ee (red) and
32 CEPC (blue). The differencéef the FCC-ee and CEPC sensitivities is mainly due to the
34 different luminosities at the two eolliders. According to latest setup of CEPC-TDR, the
36 coverage of FCC-ee and CEP\C will be much closer. The faint and thick curves are the
38 prospects for the main detectors and HECATE, respectively. The shaded regions are
excluded by currént experiments, and the expected sensitivities of selected other

41 experiments are indicated, bysthe green curves. See the text for more details. Taken from

43 Ref. [421].

47 with lp =4.mand [ = 15 m (solid) or 25 m (dashed). Sensitivities are also compared with
49 multiple other €xperiments in this study. The faint solid curves show the main detector
51 sensitivity (lgp= 5 mm, [; = 1.22 m). The faint dash-dotted curve indicates the additional
gain, if the muon chambers are used at the FCC-ee (I = 1.22 m, [; = 4 m). The thick
>4 curves show the sensitivity of HECATE with [y = 4 m, [y = 15 m (solid) and [y = 4 m,
56 [{f = 25 m (dashed), respectively. Finally, the faint dashed red line shows the FCC-ee main

58 detector sensitivity with 5 x 10*2 Z bosons, corresponding to the luminosity at two IPs. The

60 http://cpc.ihep.ac.cn



oNOYTULT D WN =

Chinese Physics C

154

difference of the FCC-ee and CEPC sensitivities is mainly due to the larger luminosityrat the
FCC-ee. For comparison we indicate the expected sensitivity of selected other/experiments
with the different green curves as indicated in the plot [394, 395, 412, 578, 579):, The gray
areas in the upper part of the plot show the region excluded by past experiments [580=588],
while the grey areas at the bottom mark the regions that are disfavoured by BBN [589]
and neutrino oscillation data in the Neutrino Minimal Standard Mgdel (vMSM, labelled as
“seesaw” in the figure) [590, 591].

3. SM Higgs decay h - NN

CEPC can search for heavy N within the reach’ of itsicenter 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 [592], and on*high luminosity Z-pole running
mode [593, 594]. As N has a large Majorana mass, lépton 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 ‘smokingguu’signalsifor heavy N search [595]. Meanwhile, 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 chiannel 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-tay production with one or two associated weak vector bosons (V = W, Z),
e.g. 41,47V 2726V, 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 [558] shows that the semileptonic heavy N decay, requiring only one same-sign
lepton pair,igives 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 at 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|? < 1074
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FIG. 74: Projected CEPC sensitivities to the decay branching ratio of h — NN for 2-4/
channels at /s = 240 GeV with a luminosity of 5:6 ab='. The 20 and 50 sensitivities are

shown as the solid and dashed lines, regpectivelysAdapted from Ref. [558].

The reaches on multi-lepton Higgs rare degay branching ratios are shown in Fig. 74.

In the meantime, h — N N channel can alse be used to test the origin of neutrino masses,
i.e. seesaw mechanisms. In Ref. [559)y pair-produced long-lived N from Higgs decays is
searched at colliders, including €EPC and TLC, for the U(1)p_; model. At the CEPC, with
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 intota pair of heavy N, with

I(h — NN)
['(h)gyycosa?+T'(h— NN)’

where T'(h)gm ~@.2 % 1072 GeV is the total decay width of the SM Higgs, and 7 is the vev
of the B&~"L secalar; and

Br(h — NN) =

(22)

2 2\ 3/2
I'(h — NN) = gsirﬁa%@ (1 - 4MN) . (23)

72 87 m32
Henge, the eross 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, sin o ~ 0.3 [596].
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Region Inner Radius Outer Radius z-Extent |do|/o}, 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 XI: Parameters of simplified detector geometries representing future detectors,

namely ILC [376, 597], CEPC [7]. All length units afe in cm.

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

our interested parameter space, My < 60 GeV, |Viy|* @, My ~ 1072, and N mainly

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

10712 1 b
Ly ~0.025 m - ( 2 2) : ( po Gev) . (24)
Ve My

Therefore, the N 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 XI, we show the size and resolution
of the CEPC detector [7], comparing te the ILC [376, 597]. Here, o} is the resolution of
the detector in transverse direction, and dj 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 thedinal 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. Given 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 |dg|/o}, is larger than required, we assume it can be detected by the detector with 100%
effigiency:.

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
résults of CEPC with 20 ab~! integrated luminosity, is shown in Fig. 75. Assuming no

observation of a single displaced vertex, the excluded regions in the (My,V,y) parameter
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FIG. 75: Excluded regions in thed(ddy, |V, v|) 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|*man< 0.3 eV. We fix the Higgs-BSM mixing sin a = 0.3.

~oAdapted from Ref. [559].

space at 95% Cliis shown. The grey band indicates the parameter region where a light
neutrino_mass in thé interesting range is generated, 0.01 eV < m, = |V, n|*My < 0.3 V.
From the figure| we find the sensitivity region roughly tracks where decay length Ly ~ O(1)
m. (OEPC 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 [598).
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4. 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 thathif e*e ™ 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®{599}. 2 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 othér preton-proton colliders at
Vs = 27 TeV and 100 TeV from prompt and displaced scedarios after the decay of RHNs.
We find that the RHNs pair production from the Z’ cansbe enhaneed at xy = —1.2 which
is the general U(1) charge of SM Higgs doublet [560,600]. Wefind 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" = 26)).. We produce the RHNs from Z’

at the e~ et collider following

p > s(8 + 12z + 5x%) (1 B 4M12v>3/2

MZ’4 1927T

olete” = 2" — N;N;) ~ ( (25)

s
Studying the signal of same sign dilepton plusifour jets and corresponding SM backgrounds,
we show the 2—o contours onghe My, — My plane in Fig. 76 for £y = —2. The luminosities
are respectively 2 ab™!, 4 ab lsand. 8 ab~! for 250 GeV, 500 GeV and 1 TeV. It is clear
in this figure that a higher center-of-mass energy, such as the ILC and CLIC, can improve

- N :
significantly the prospects of my. The contours for other values of zy can be found in

Ref. [560].

5.0 Prospects of heavy neutrinos in the LRSM

The production of Nyin the minimal LRSM [526, 527, 601] can be sizeable at lepton
colliders even for relatively high Wg mass and small Higgs mixing. In particular, the neutral
component A, of the right-handed triplet Ag couples directly with the heavy neutrinos, and
could mix with the SM Higgs. One of the resultant physical scalars, A, is predominantly
fromAg. 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(M/s)

0(6*67 — AZ) =3y 96ms (@3 dz) - (M2/3)2 ,
Z

(26)
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FIG. 76: 2-0 contour of the My — M plane at the electron-positron colliders at different
center of mass energies studying same-sign dilepton plus four jet final states. Taken from

Ref 4[560]

where A = (1 —mA /s — M2 /Y= 4mi M2/s?, with ma the scalar mass, 9, = —1, 4, =
—1 + 452, and the Avv one (via WWhfusion, see Ref. [602]. The decay A — NN leads
to the NNZ final state with upstofour 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 thecollected data. On the other hand, the future ete™ machines may
have sufficient seusitivity 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 /sy, ;tev = {0.16,0.24,0.35, 1} TeV [603]. The backgrounds depend
on the c.ms 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/ VBFE 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. 77, as function of the scalar mass ma [561]. With a luminosity of 1

ab™ !, over 1000 events can be produced at the W pair threshold of 160 GeV, and the scalar

mixing angle sin @ can be probed down to 0.01. Given the total luminosity of 20 ab™! at the
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FIG. 77: Signal event rates for ete™ — ZNN productions at lepton colliders for different
/s, with a universal luminosity of £ = Iab=! and mx = ma /3. The shaded regions cover

the range of sinf € (0.01,0.1)."Figure from Ref. [561].

CEPC, the sensitivity of scalar mixing angle can be improved up to 0.002. Furthermore, at
the running of 240 GeV, the sensitivity of heavy neutrino N can be extended to over 100

GeV.
N

B. « Non-standard neutrino interactions

The presence of nongtandard 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. [562] considered the monopho-
ton channel,at the CEPC. The Lagrangian of neutral current (NC) NSI with electrons can

be written as,
ﬁggl,e = —2\/§GF62/LB(DO¢7“PL1/5)(éfyuPLe) = 2ﬁGFeZg(ﬂa’y“PLug)(é’yMPRe), (27)

where «, 5 label the lepton flavors (e, u, 7).
With the monophoton searches, Fig. 78 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),

ee’ ee
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FIG. 78: Left panel: The allowed 90% C.L. regionifor electron-type neutrino NSI in the
el ecft) at future CEPC with 5.6 ab™" data ofgy/s = 240 GeV (Black), with 2.6

ee) ee

ab~! data of /s = 160 GeV (Red), and with 16 ab7* data of \/s = 91.2 GeV (Blue),

planes of (

respectively. The allowed 90% C.L. regions arising from the global analysis of the LEP,
CHARM, LSND, and reactor data [604], are shown in the shaded gray regions. Right
panel: With all the data collected in allithree running modes, the combined result is shown

as thegreen region. Figure from Ref. [562]

N
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 ee™ — viry.
From the left side of Fig. 78, one can see that the allowed region for each running mode

lies between thé two concentric circles, which can be a good complementary with current

global analygis in coustraining (2, €¢¢%). The coordinates of circle center for the contour
of (e¢f, €<ty are dependent on /s. We can find that the direction from the SM point (0,0)

to the eircle cefiter 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. 78 with a green
auirve.” Even if both €Z and €' are present, the allowed ranges for || or |e¢f| can be

constrained to be smaller than 0.002.
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C. Active-sterile neutrino transition magnetic moments

The discovery that neutrinos oscillate, and therefore neutrinos have distinet mass and
flavor eigenstates, has proven to be one of the most definitive pieces of evidence for physics
beyond the Standard Model (BSM) in the last two decades, which can be.explainediby includ-
ing the additional heavy neutral leptons N (often referred to sterilemeutrines). Ref. [563]
studied the active-sterile neutrino transition magnetic moments. | The relevant operators

respecting the SU(2), ® U(1)y gauge symmetry can be written as [605}
Lo LHdj,We,r* + dyB")Ho N +Hac., (28)

where H = ioyH*, 7% = 0%/2 with o being Pauli_matrices, Wy, and B"” denote the
SU(2), and U(1), field strength tensors with We, = 9, Wy — W5 + ge®*WIW: and
B, = 0,B, — 0,8, and L are the SM lepton“deublets. After electroweak symmetry

L
breaking with the Higgs vacuum expectation value/v, one obtains

LD dy ("W,,0,,N) + 0y (dsF,, — d5Z,,)0.,N + He., (29)

which can induce dipole operatorsdo SM.photen, the weak boson Z and W, with

k d)k/\} . k v d{ﬂ/v k . k %
dB CcOs ew + 7 S1i 9w 3 dZ = E 7 COS Hw — dB Sin «9w , dW = §dW7

v
dr = 7
where 0, is the weak mixing angle.

At CEPC, the sterile neutgno N production will proceed from the process ete™ —
Ny, + H.c. via either Z orgfmediator in s-channel depending on dipole portal couplings d%,
dﬁ with k& = e, u, 7, or via W mediator in ¢t-channel depending on electron neutrino dipole
portal coupling df, in Eq.y(29), respectively. With the subsequent decay channel N — v+ in
the detector, thessignature of a single photon final state with missing energy can be searched
for at CEPC.

The 95% C.Liipper bounds on the neutrino dipole portal couplings dﬁ for the three
lepton flavors k = e, p, 7 at CEPC are shown in the upper, middle and lower panels of
Fig. 79, respectively. And the limits from LEP [283, 606] and LHC [607, 608] are shown for

compatison °. The four scenarios with assumptions of dyy = 0, dg = 0 and dyy = £2tan 0,,dp

5 Atithe LHC, the limits for dyy = 2tan 0,dp (dz = 0) for 7 flavor are not shown, as 7 final states are not

considered by the CMS search [608], and we mainly focus on pp — Z channels for the ATLAS search [607].
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are considered. The combination of the best constraints from four running modesat CEPC
with the total luminosity of 20 ab™' data in the Higgs-mode, 6 ab™' in the/TVTW=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. It is expected similar sensitivities
could be reached at the FCC-ee. One can see that depending on the the ratio dy/dp, the
constraints on d,’j can be fairly different. While the current constraiuts on d,’j from terrestrial
experiments such as Borexino, Xenon-1T, CHARM-II, MiniBooNE, LSND, NOMAD, and
DONUT, and astrophysics supernovae SN 1987A [605], basically do 5 dependent on the
ratio dyy/dp, since the typical scattering energies are far lessithan the electroweak scale.
The constraints from the monophoton searches at CEPCraxe in principle different on d5 and
on db" when dy # 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 transitionnmn@gnetic moment d,"; compared to

current experiments.

D. 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 localnB — L symmetry. Our specific focus is on the TeV
scale LRSM [526, 527, 601jy"which naturally embeds this B — L symmetry. Due to mixing
with other scalars, the neutral scalar Hs from the right-handed triplet scalar Agr could
acquire sizable flavor wiolating“eouplings to the charged leptons. Produced on-shell or off-
shell at the plannéd efe colliders, it would induce distinct lepton flavor violating (LFV)
signals like ete™ - Eaiﬁg (+Hs) (o, B =e, p, 7), with the couplings h,s probed up to
~ 107* for a wide range of neutral scalar mass, which is well beyond the reach of current
searches for eharged LFV [565]. Actually, the LFV signals induced by a neutral scalar
are quite general in BSM scenarios [564], e.g. in supersymmetric models with leptonic R-
parity violagien [609], mirror models [610-612], and two-Higgs doublet models [613, 614], in
addition to the LRSM [565, 615].

In the LRSM, the neutral scalar H3 can be produced at lepton colliders from its scalar
coupling with the doubly-charged scalar H**, Yukawa couplings to the RHNs and charged
leptons, the 1-loop coupling to photons, and its mixing with the SM Higgs h [565]. Then one
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can estimate the prospects of all the independent couplings h,zs at future lepton colliders. For
illustration purpose, the prospects of | k.| and |h.,| at the CEPC 240 GeV with an integrated
luminosity of 5 ab™! are shown in the top and bottom panels of Fig. 80, respectively./The
sensitivities of other couplings can be found in Ref. [565]. The SM backgrounds are expected
to be small, in particular for the LFV processes [564]. For simplicity, wé'have turned on only
one of the couplings h,p and set all others irrelevant to be zero. Neglecting the mixing of
Hj with the SM Higgs, the loop decay H3 — v and the decay Hg—»vv suppressed by the
heavy-light neutrino mixing V%, the neutral scalar Hz decays predom?nantly into a pair of
leptons, i.e. Hy — éié; To be concrete, we assume a minimum number of 10 (30) for the
signals with (without) LFV, and adopt an efficiency factor,of 60% for the tau lepton [375].
In the process ete™ — ZHs, only the visible decay produets of Z are taken into account.
All the amplitudes for the on-shell production of H3 depend linearly on the couplings h,g,
thus free of the constraints from the rare LFV /decays such as ;1 — eee and 7 — ey which
depend quadratically on the Yukawa couplings |hfh|. The shaded regions are excluded by
the muonium oscillation, electron g—2, muen g=2 (excluded by the theoretical-experimental
discrepancy at the 50 CL) [616] andsthe LEP\ete™ — ¢4~ data [617]. The yellow band in

the bottom panel can explain the muonyg — 2 anomaly at the 20 CL.

The neutral scalar H may also mediate off-shell processes, e.g. ete™ — Ecﬂg. For
the illustration purpose, the [Sensitivities of |kl h.,| are shown in Fig. 81. The red and
blues lines are for the prospeets.at CEPC 240 GeV with an integrated luminosity of 5
ab™! and ILC 1 TeV with 1/ab~!, respectively. With a nominal luminosity of 20 ab™! at
CEPC, the corresponding sensitivities can be improved by a factor of 2. Also shown are the
constraints from the rare lepton decays 7= — eTe"e™, 77 — e~ 7, electron g — 2 [616], and
the LEP ete™ 4 ¢*/~ data [617]. More prospects of the couplings |hfh| can be found in
Refs. [564, 565].

The Yukawa couplings of the doubly-charged scalar H** to the charged leptons might
also be flavor-violating, which is directly correlated to the heavy RHN masses and mixings
in the LRSMwWith a combination of the pair, single and off-shell production of H** like
etes. — HYYH——, H**eFuT, 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. As an explicit example, the prospects of |fI_f..| in the the doubly-charged
+

scalar induced processes ete™ — e*7TF and e™y — eTe 7~ + 7Te~e™ are shown in Fig. 82,
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FIG. 80: Prospects of thelcouplings |h.| (top) and |h.,| (bottom) from the on-shell
production of H3 at CEPC (2)0 GeV and 5 ab™!), in the channels of ete™ — (v/Z)Hs,
ey — (Hs, ete™, vy — KgégHg and ete”™ — vvHs. The shaded regions are excluded by

current limits, while‘theyellow band corresponds to the muon g — 2 discrepancy at 20 C.L.

Figure from Ref. [565].

as function,of the doubly-charged scalar mass Mpy++. The dashed lines are for the CEPC
prospects, while the solid ones are the ILC sensitivities. The red and blue lines are for the
eTerand emprocesses, respectively. The nominal luminosity of CEPC is 20 ab™! at 240
GeV, and as a result the corresponding sensitivities in Fig. 82 will be improved by a factor
of 2. The shaded regions are excluded by the rare tauon decays 7 — ey, 7 — eee and the
LEP ee — ¢¢ data [617]. More prospects of other couplings of the doubly-charged scalar can
be found in Ref. [565]. As demonstrated in Figs. 81 and 82, for both the neutral and doubly-
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FIG. 81: Prospects of |hl_h.,| from searches of etem—eEr7 ptrF at CEPC (red,
V5 =240 GeV, £ =5 ab™!) and ILC (blue, 1 TeV.and 1 abs!). The shaded regions are

excluded by current limits. Figure from Ref. [564].
&

charged cases, the scalar masses could be probed up to the few-TeV range in the off-shell
channel. As a comparison, the center-of-mass energy at ILC is higher but the luminosity
is relatively lower; therefore the CEPCrand ILC are largely complementary in probing the
LFV couplings of the neutral‘s¢alar. The LEV process can also be searched for at the high-
energy muon and hadron colliders, e.g. in the processes of u*u=, q7 — E(ﬁ;@ + Hj, which is

expected to be largely complen;@ntary to the searches at the eTe™ colliders.

The type-1I seesaw mechanism with an isospin-triplet scalar A provides one of the most
compelling explanations for the observed smallness of neutrino masses [521, 530-534]. The
triplet contains a/ddoubly-charged component HLii, which decays predominantly to either
same-sign dileptons or to'a pair of W bosons, depending on the size of the triplet vacuum
expectation yalue. However, there exists a range of Yukawa couplings fr, of the triplet to the
charged leptons, wherein a relatively light HLii tends to be long-lived, giving rise to distinct
displaced vertex signatures at the high-energy colliders [618-621]. We find that the displaced
vertex signalsifrom the leptonic decays Hfi — €§€§ could probe a broad parameter space
with, 10719 | fz| <1075 and 45.6 GeV < Mps+ 5 200 GeV at the high-luminosity LHC.
Similar sensitivity can also be achieved at a future 1 TeV ete™ collider. The mass reach
gan be extended to about 500 GeV at a future 100 TeV proton-proton collider. Similar
conclusions apply for the right-handed triplet Hﬁi in the TeV-scale LRSMs, which provide
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FIG. 82: Prospects of the Yukawa couplings |f], f.,|for the.doubly-charged scalar H**
production via the ete™ — er (red) and ey — efe 7~ +xe e (blue) processes, at
CEPC with /s = 240 GeV and an integrated luminosity.of 5 ab™! (dashed) and ILC with
Vs =1TeV and 1 ab™! (solid). The shaded regious are e;cluded by current limits. Figure
from Ref. [565]):

a natural embedding of the type-IIseesawmMore details can be found in Ref. [621]. 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.

E. Connec\'tlon to Leptogenesis and Dark Matter

Apart from the mysterious neutrino mass problem, there exists other well established evi-
dence beyond the SM‘eig. baryon asymmetry of the universe (BAU), DM, etc. An attractive
solution can accommodate the explanations of all three problems in one unified model, the
Neutrino Minimal Standard Model (vMSM) [590, 591]. In this model, three generations of
RHNs Nygg3, 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
onedNy hasitiny Yukawa couplings, thus tiny masses, can be the DM candidate [622-626].
The two heavier particles N, 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-
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served BAU can be explained by leptogenesis via neutrino oscillations [591, 627] and resonant
leptogenesis [628-638].

In the vMSM, 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 “vamilla’
leptogenesis [639]. The “low scale” leptogenesis includes leptogenesis viameutrino oscillations
during freeze-in of the RHNs, and resonant leptogenesis during freeze-out [640, 641]. The
two mechanisms can be united by a unique set of quantum kinetierequations, as described in
Refs. [640, 641]. The viable parameter space of the model satisfying botFthe neutrino masses
and BAU problems is thoroughly studied, with the summary shown inFig. 83 [557, 642]. The
two (640, 641] and three [642] RHN scenarios in the case 6fmormal 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 [580-584, 587, 588, 643-646], complemented
by the updated BBN bounds in light gray fromi Refs. [689% 647] and the lower bound from
the seesaw mechanism in darker gray. Seée Refs. [640-642] for details. The various colored
lines indicate existing [648-652] and future. [356, 383, 416, 578, 579, 653-656] experiments
that will be able to probe the low-seale leptogenesis parameter space. As indicated in the
figure, the sensitivity of the CEPC, shewn 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 Qpypéan also be explained by accounting the lightest right-handed
neutrinos V7 as the DM candidate. In the vMSM, Qpy is only produced by mixing with
active neutrinos ° [622-624,1626, 658]. Sufficient production is generated if large lepton
symmetry is generated, at the low temperature of O(200) MeV [623, 624, 626, 659-663].
To successfully aeproduce Qpy, My, ~ O(1) keV and My, ~ My, = O(1) GeV [664].
More extended models; e.g. the LRSM, can also accommodate the origin of BAU and
DM [526]. The discussions of the connection between them in such models can be found
in Refs [665, 666]. Such models have already been searched by (+MET signatures at
LHC[666]pand can be tested at CEPC, for example via ete™ — NN processes mediated by
the Wr or'Z’ boson. If My = O(1) GeV, same sign dilepton plus multiple jets signatures
are studied in Ref. [667], and displaced vertex signatures in Ref. [668], and can be further

extended by searching for monophoton signatures if the /N is even more stable, when My ~

6 Tt can also be produced by other mechanisms if the YMSM is extended, e.g. with Higgs inflation [657].
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FIG. 83: Theoretical predictions of the HNL mass Myand the ranges of U, 3 in the
framework of leptogenesis, with two orgthree 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) [640-642]. The colored lines indicate

prospects at existingrand future experiments. Adapted from Ref. [557].

O(1) keV to explain the DM. N

F. Summary

In this sections, we haye examined the prospects of CEPC to some benchmark scenarios
relevant to neutrino physics, in particular for the heavy neutrinos, non-standard neutrino
interactions, active-gterile neutrino transition magnetic moments, the neutral and doubly-
charged scalars(in seesaw models, and the connection to leptogenesis and DM. The CEPC
sengitivitiesiof 'some representative neutrino physics relevant observables are presented in
Fig..84. For illustration purpose we have chosen the heavy-light neutrino mixing angle from
Fig. 70, neutrino NSI from Fig. 78, active-sterile neutrino transition magnetic moment (in
unit of GeV™!) from Fig. 79, the LFV scalar coupling from Fig. 80, and the branching
fraction BR(h — NN) from Fig. 74. The comparison of CEPC with the existing LEP limits

http://cpc.ihep.ac.cn

Page 170 of 272



Page 171 of 272 Chinese Physics C

171

10°

e CEPC
101 ] © HL-LHC

-%
~N

102 4

oNOYTULT D WN =

e}

10—3 4

—_
o

—_
—_

1074 4

—_ e e e
NOoOubh wN
.
S}
&

—_
2]

Heavy-light Neutrino Active-sterile LFV scalar
neutrino mixing NSI neutrino transition co
angle magnetic moment
[GeV1]

N NNDN =
W N = O v

FIG. 84: Prospects of neutrino physics observa CEPC, in comparison with the

N
N

LEP limits and LHC prospects., S or more details.

N NDNN
0 N O W»n

and the future prospects at the LHC are a in this figure; see the subsections above

A DWWWWWWWWWWN
0OV oONOOTULIDWN=OULV

A DD DD
NOoO ubhwN

(SN RO BV, BV, BV, BV, |
oOoNOYULL D WN

e
X

w
O

http://cpc.ihep.ac.cn

(o))
o



oNOYTULT D WN =

Chinese Physics C

172
XI. MORE EXOTICS

As a vast number of NP scenarios involve the exotic couplings to the SM electroweak
and lepton sectors, it is generally expected that exotic searches can benefit, from the high
luminosity at CEPC’s Z-pole and Higgs factory runs. High precision,on the Zy h widths
and good reconstruction of the decay products offer powerful tests.of‘exotie, processes, in-
cluding lepton number/flavor violation, sterile states, ALPs and many others. The CEPC’s
low hadronic activity level helps to minimize the contamination from hadronic initial state
radiation, hence enhances the potential to accurately identifynsignals that involve relatively
soft leptons, photons and jets. This section lists selected exotic physics studies that can po-
tentially benefit from CEPC, with a partial focus on axion-likesparticles. Admittedly, many
exotic studies still lack dedicated and quantitative @analysis, and we list several possibilities
for potential interest, such as electromagnetic forin factors ior hadrons and unstable leptons,
exotic lepton mass and flavor models, etc, In addition, there is rising interest in spin-related
kinematical observables, such as transverse spin [669, 670] and quantum entanglement [671—
674]. We expect these studies will provide mere diversified avenues for the CEPC’s physics

science potential.

A. » Axion-like particles

As a relaxed solution to the\strong—CP” problem, the Peccei-Quinn mechanism predicts
the existence of the QCD axion [675-677], which develops a coupling with gauge bosons at
one-loop level. The ‘haracteristic Chern-Simons term aF F /fa leads to the generalization
toward ALPs, which can arise in many NP scenarios containing the breaking of a global U(1)
symmetry [678=681}. The prospects for discovering ALPs via a light-by-light scattering at
FCC-ee and/CEPC have been extensively investigated. At future lepton colliders, promising
sensitivities'to theeffective ALP-photon coupling g,-~ can be derived for m, < 10 GeV [682].
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 the SM electroweak gauge bosons read

L= —CBBfﬁBWBW — Chyw =W, i, (31)

a a

where f, is the ALP’s decay constant. After electroweak symmetry breaking, the neutral
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FIG. 85: Summary plot of the sensitivity §o.gq~ that¢an be achieved at eTe™ collider with
Vs = 250 GeV and an integrated luminosity)2 ab=l. Existing constraints are also shown for
comparison, including PrimEx [683],"BES TIL{684), Belle II [685], LEP [686], OPAL [687], Pb-Pb
at LHC [687), CMS.[688] and ATLAS [689].

fields B, W? will be rotated/into théumass eigenstates v, Z, and the conventional ALP
couplings to vy, WW, ZZ «Z~~are given, respectively, by

4 4
Yayy = _(CBBCfu + CWWSi% Jaww = —Cww ,

) L (32)
Gaz2 = f_(CBBSzQU + waci,), Jazy = f_swcw(OWW _ CBB) .

Ref. [690] emiployed the ALP production 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 via a —4~. Fig. 85 illustrates the CEPC sensitivity reach for /s = 250 GeV with
an iftegratédditminosity of L = 2ab ', and the sensitivity can scale up by the square root
of the luminosity for 20 ab™!. The upcoming Higgs factories can improve the sensitivity
from the current constraints down to 2 x 10~ GeV ™! for m, = 0.1 — 6 GeV. See Ref. [690]
for further details of the study.

Ref. [682] investigated a similar light-by-light scattering eTe™ — yvyete™ induced by ALP
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exchange at the CEPC, and derived the production cross-section and expected CEPC sen-
sitivity reach for v/s =91/240 GeV runs. The projected limits are shown in the upper panel
6. Existing limits including LHC pb-pb [687], LHC diphoton [691] and CLIC [692]

re shown for comparison. Also at the Z pole, Ref. [62] investigated the axion coupling to

http://cpc.ihep.ac.cn



Page 175 of 272 Chinese Physics C

175
1
2
i the SM U(1)y hypercharge field in the process of Z boson decaying to ay, with thésaxion
5 subsequently decaying into two photons. The projected sensitivities are labeled‘as 3+ in the
6
7 lower panel of Fig. 86, where the 3y and Z pole limits are given in terms of g,gp, the ALP
2 coupling to the SM U(1)y gauge field. For comparison, the lower panel alse. includes, the
:(1) limits from ATLAS 3y [693],2v [694], L3[695, 696] and OPAL[697], etc.
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32
33
34
gg FIG. 87: Future bounds on the coupling ¢/A of eALPs from CEPC with L =5 ab™*
37 within 95% C.L. or equivalentl?z 10 survival events for background-free cases (dashed for
38
39 the eALP prompt decay and dotted for eALP as a long-lived particle) as well as existing
2(1) bounds (shaded).y?2+” and ”J,” denote two distinct signatures at CEPC. The
:g B(W=* — (*va) <10 1imit [698] (black solid) and other collider bounds are presented for
44 comparison, including:: ATLAS 2+ [686, 687, 694] (brown bulk), ATLAS 3~ [687, 693]
45
46 (orange bulk); OPALN3y [687, 697] (green bulk), OPAL 2+ [687, 697], ATLAS/CMS
e (PbPb) [699]. (blue bulk) and LHCb [700, 701] (magenta bulk). For light eALPs,
‘5‘3 B* — K*a — K*(yy) from BaBar [702] (red bulk), K; — 7% — 7%(eTe™) from
51 KTeV [703](black bulk) and B — K*a — K*(e*e™) from LHCb [698, 704] (yellow bulk)
52
53 are.involved. Finally, the bounds from CHARM [698, 705] and SLAC E137 [706] (gray
g: bulk) are also included.
56
57
58 In light of an electroweak-violating scenario, Ref. [698] studied a four-point interaction
59
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denoted as W-f-v-a, a coupling that does not depend on the electron mass. This channel
provides an opportunity to explore electrophilic ALPs (eALPs) at the GeV s¢ale. In, this
work, a novel t-channel process was investigated: ete™ — v.av,, which involvesthe W-f-v-a
four-point interaction with effective coupling €!/A. This process exhibits sighificant energy
enhancement behaviors in its cross-sections as collision energy increases{707]. 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 of
this ¢-channel process consists of a photon pair accompanied by missin\g 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 ¢/A can be as stringentyas 0.1 — 1.0 TeV~! for 1 GeV
< my < My, at the CEPC with L = 5 ab™! and /s = 240 GeV. These constraints are
depicted in Fig. 87. &

B. Emergent Hadron Mass

It is common to regard the Higgs beson (HB) as the origin of mass within the SM of
particle physics. Certainly, the Higgs mechanism is a mechanism that contributes to our
understanding of the origin of mass efisubatomic particles. Such Higgs couplings with the
SM fermions produce the elécteon mass, m. = 0.511 MeV, and the quark current masses,
amongst them the light w (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, 939MeV. 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) [708, 709].

Detailed pictures of the proton and B-meson mass budgets are drawn in Fig. 88. There
arestriking coentrasts 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 [710, 711]. This is mass from nothing: the SM massless gluon

parton becomes a massive quasiparticle owing to self-interactions. The existence of such

http://cpc.ihep.ac.cn



Page 177 of 272 Chinese Physics C

oNOYTULT D WN =

177

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 [712, 713]. Together,
these phenomena explain the character of mass in the matter sector of,strong interactions
[708, 709]. Such extraordinary predictions require empirical verification.

proton mass budget B meson mass budget

EHM

C

EHM

EHM+HB
HB

HB

FIG. 88: Poincaré-invariant decompositions of hadron fasses: (A) proton; (B) B-meson.
EHM is the source of 94% of the proton mass; by itself, the HB accounts for just 1%; and
the remaining 5% is generated by construetive EHM+HB interference. In stark contrast,
EHM alone produces none of the‘B-mésen.mass. Instead, the HB is responsible for 79%;

yet, there is a sizeable EHM+HB interference term. See Refs. [708, 709] for details.

An open road toward validation is previded by the study of semileptonic weak-interaction
transitions between heavy andlight.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 effectsin 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 CKM matrix, which
parameterizes 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 violations of CKM matrix unitarity
and/or LFU are principal tools in the hunt for physics beyond the SM. Modern theory is
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capable of delivering robust predictions for all hadron structure factors necessary for the
sound SM prediction of such transitions [714, 715].

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. The CEPC will deliver copious numbers
of hadrons containing heavy quarks. Exploiting this capacity, thesxCEPC can play a role in

~
exposing the origin and character of mass.

C. Lepton form factors

The ete™ collisions at CEPC offer high luminosity,in photon-mediated processes, pro-
viding a unique opportunity to measure photon-lepton intéractions. Leptons’ effective elec-
tromagnetic 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 as probes 0f'BSM theery that can modify such form factors.

1. General remarks on /e g — 2

Muon/electron g — 2 meaSurements can serve as important probes for NP beyond the SM.
It has been known for a long/time that the SM prediction of the muon anomalous magnetic
moment a, = (g — 2)»/2 has'subtle deviations from the experimental values. Combining
the recent reported FNAL muon g — 2 measurement with the previous BNL+FNAL re-
sults, the updated world-averaged experimental value [716] of a, has a 5.00 deviation from
the SM prediction provided by the 2020 White Paper from the Muon g — 2 Theory Initia-
tive [717].-Besides, the SM prediction of the electron g — 2 also has a 2.40/1.60 deviation
using '#3C's/5"Rb [718, 719] atoms experimental data with negative/positive central value.
However, thisspicture is complicated by recent lattice results for the hadronic vacuum po-
larisation (HVP) contributions to the anomalous magnetic moment. The only lattice result
with a comparable uncertainty comes from the Budapest-Marseille-Wuppertal (BMW) col-
laboration [720, 721] and it disagrees significantly with the data-driven estimate. Using the

lattice value instead would reduce the deviation to only 0.90. This result is also supported
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29 FIG. 89: A simplified BSM scenario with a'scalar and a fermion. The color-coding shows
31 the minimal coupling to right-handedsmuons to explain the muon g — 2. Outside of this
colored region, the muon g2 cannot be explained within 1. The shaded grey region

34 shows the LHC exclusions [729] and.the shaded orange region is excluded by compressed

36 spectra. The shaded blue re@n (top left) is excluded due to a charged stable particle.

39 by recent lattice comparisons to the BMW result [722-725]. A comparison of different lat-
o tice results and the datasdriven approach [726] gives a 3.80 tension between the data-driven
estimate and the/latticenQQCD estimates. As a result, the discrepancy between the data-
44 driven estimates.and the/lattice QCD calculations still needs to be settled before claiming
46 NP beyond the SM”«However, NP explanations of the deviation between the theory white
48 paper predictiomsand the measured value also make predictions that can be tested at future
49 colliders [728], such as the CEPC.

51 The generie NP contributions to muon g-2 is expected to scale as
52 )

>3 AaPM ~ Cism

(33)

56 A newly released white paper from the Muon g-2 Theory Initiative uses only the lattice results for HVP

contributions [727] in their prediction for the SM.
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where Mpgy is the mass of the NP particles in the loop and Cggy is a loop-suppressed
coeflicient. This means that without some special enhancement, the mass scale of the NP
should be < 200—300 GeV for perturbative NP explanations. This is illustrated for a simple
model with a new scalar and a new fermion in Fig. 89, where the colour.conteurs show. the
minimum value of the coupling to right-handed muons required to explain the muon g — 2,
and anything outside that region cannot explain the 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 Fig. 89) and it has been\shown, for example,
that constraints on light new electroweakinos are not very robust [729]. 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 the muon g — 2 comes
in the form of a chirality flipping enhancement; see,Ref. [728] for a recent review. In
Eq. 33, one factor of m, appears because the dipole eperator flips the fermion chirality,
and thus a muon mass insertion exists/on one of the external legs. If this chirality flip
can instead be done inside the new loop ‘diagram from NP, the muon mass will then be
replaced with a mass parameter from.the NP that can be much larger. This chirality
flipping enhancement is automatically present in SUSY extensions as well as in non-SUSY
models like scalar and vector leptoquarks, which alleviates this tension and makes it easier
to construct simultaneous explanations of dark matter and muon g — 2. NP contribution
to muon g — 2 typically alsesimplies large corrections to the self-energy of the muon. This
leads to a fine-tuning in the amuon mass if the new particle masses are much heavier than
O(1TeV) [728]. Furthermore,this also implies an enhanced Yukawa coupling, which means
that precision meagurementsof h — p*u~ at future colliders such as the CEPC could either

exclude these explanations or give rise to a discovery-level deviation from the SM [730].

2. p/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 125 GeV Higgs mass and LHC exclusion bounds, which in general prefer heavy

colored sparticles. Weak-scale phenomenological MSSM needs intricate parameter regions
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to survive the current LHC, dark matter and Higgs mass bounds, and can give<a gizable
contribution to muon/electron g — 2 at the same time.

Studies of the gluino-SUGRA, the anomaly-mediated SUSY breaking (AMSB) mod-
els [731-733] and the gauge/Yukawa mediated SUSY breaking models [734]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, NP 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 a 20 range for a?ositive central value
of the electron g — 2 experimental data when the muon g — 2"anomaly is explained at 1o.

Generalized gravity mediation models always adopt various universal boundary conditions
at the GUT scale. Given the stringent constraints ¢gn thefirst two generation squarks by
LHC and the stop masses by the 125 GeV Higgs, the mSUGRA slepton masses cannot
be light at the EW scale with universal sfermion snass.inputs at the GUT scale. Thus,
it is challenging to explain the muon ¢g/2 anomaly awithin the framework of GUT-scale
constrained SUSY, especially the mSUGRA. [465].

Gluino-SUGRA (gSUGRA) [735]ispan_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 ether gauginos and sfermions at the unification scale, hence
the gaugino mass ratios at the EW seale will no longer constrain the electroweakino masses
for a heavy gluino mass. Thesleptons, which carry no color charge, will stay light. So, the
RGE evolution will splitithefsquark masses from slepton masses at the electroweak scale,
which is needed for the.muon g=2. Ref. [736] showed that with M; = M, at the GUT scale
and a viable bino-like dark matter, jSUGRA 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 ofi§leptons and y? will lead to energetic lepton final states so that they can be

tested at CEPGAIt is also possible to connect the g —2 explanation to neutrino masses [737].

3. T weak-electric dipole moments

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

mental fermions are important targets of experimental searches for NP, 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 gmoking-gun
evidence of non-SM sources of CP-violation, because the (loop-induced) SM eontributions
to these quantities for leptons are extremely small [738-740]. While ., €an be prebed
via eTe” — 7777 at energies much lower than the Z-boson mass, §uch as at 'Y (4S) in
Belle [741, 742] and at t(2S) in low-energy eTe™ colliders [743], 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\zmd normal T-lepton

polarizations [744, 745], which gave the limits on the real and imaginary parts [746-748]:
Re[d?] = (—0.65 £ 1.49) x 10" ®ecm,
Im[d®”] = (0.04 £ 0.38) x.10~*" ¢ cm. (34)

The large amount of 777~ pairs during the planned Ter’a-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. [749] performed an exploratory study ef the potential of CEPC for the measurements
of d¥, using both simple and optimal, CP-violation observables [750-752], albeit with a
particular emphasis on the latter due to itsielear advantage over the former. In this work,
ete™ — 777 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. Ass\uming 1.38 x 10" 7-pairs collected at the Z resonance, we
obtain the 1 s.d. statistical uncertainties in dRe[d¥] and dIm[d¥], using both the simple
observables T33, T 335-()33, Qgg where only one-prong decays of 7% are included, and the
optimal observables O, @; that use the purely semi-hadronic decays of 7*. The analysis

results are given'in Table XII (see Ref. [749] for more details).

0Re[d¥] [e cm] dIm[d¥] [e cm]

(I33) (Th3) (Or) (Q33) (Q33) (Or)
34 % 10721 34 x 10720 14 x 1072132 x 1079 4.0 x 10720 2.1 x 10~2

TABLE XII: Ideal 1 s.d. statistical errors on Re[d?] and Im[d¥] [749].

These numbers show that the CEPC sensitivity on d¥ can reach the level of 107%! e cm
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using Og and Oy, far better than the current best bounds [746, 748] quoted abeven Note
e cm= 5 x 103 e GeV~! in natural units, a sensitivity to 1072' e cm is equivalent to an
effective dipole moment of d ~ 6 x 107% GeV~!, and this indicate for a tweo,orders of
magnitude improvement over existing LEP limits. In perspective, a more refined analysis
will take SM radiative corrections into account, such as Z~-interferenée etc., on top of the

exploratory study above.

D. Spin entanglement

Recently, studies on quantum entanglement in the high-energy regime have gained sig-
nificant attention. At colliders, reconstruction of the finalstate'particle helicity state offers
an observation window on spin entanglement at energies much higher than those at optics
laboratories. As a benchmark of spin entanglément, theytest 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 [753-755].

As the Higgs boson is the only spin=0 elementary particle in the SM, it offers a natu-
ral spin-singlet state to test the LHVT. The decay of the Higgs boson into two spin-1/2
particles provides an ideal system to'reveal quantum entanglement and Bell inequality vi-
olation at high energies. In RQf [756], it is proposed to test the Bell inequality through
the Higgsstrahlung process efe ¢— Zh at the CEPC. Two realistic methods of testing
Bell inequality, i.e., Térnqvist’simethod [757] and the Clauser, Horne, Shimony and Holt
(CHSH) inequality«[758], are studied in terms of the polarization correlation in decay chain
h— 7777 — 7ham~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 beson.

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

N(cosbrr < 0) — N(cosbr. > 0)

A= N(cosbrr < 0)+ N(cosOpr >0)’

(35)

where ¢os 0., = pr- - Prt /(|Pr-||Pr+]) in the Higgs rest frame. Fig. 90 shows the distribution
of cosf,, and the LHVT holds between the two dashed lines. The analytical prediction of
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FIG. 90: Reconstructed distributions of cos 0., for Térnqvist’s test of Bell inequality with
h — 777~ at the CEPC Higgs factory mode. 1@ test sensitivity is projected at the CEPC,
represented by the red and blue histograms for hadronic and leptonic decay modes of Z
boson, respectively. The gray-fitted region'is the phase space consistent with the classical

prediction.

the observable gives an upper bound A = 0.119 in the LHVT. From the simulation results
of SM expectation, we obtain (4 = 0.133 £+ 0.269 for Z — ¢/ channel and A = 0.137+0.1 for
Z — jj channel, respectivelyyas listed in Table XIII. Smaller uncertainties can be obtained
with A = 0.13340.142 ot A& 0.13740.053 for an updated luminosity £ = 20 ab™'. In the
CHSH approach, the LHVT supports the fact that the sum of the two largest eigenvalues
(denoted by my +muis) of thematrix U = CTC with C being the spin correlation matrix is not
larger than one<It.turns out that both channels lead to m;+msy > 1, as listed in Table XIII.
For both the/Tornqvist’s and CHSH approaches, the Bell inequality can be tested below 1o
level at the CEPC./At is expected that the sensitivity can be further improved by using
sophisticated jeti reconstruction methods and an enhanced 7-jet identification efficiency.
Particle decay involving more than two spins are also common at colliders. Recent studies
on'spin entanglement have brought forth entanglement construction in multi-body decays of
the SM bosons. For instance, Ref. [759] has studied quantum entanglement properties of the
rare Higgs boson three-body decays into v and dileptons within the SM (h — [*T]7), with

electroweak 1-loop corrections included. Novel observables for these three-body decays are
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A <0.119  0.133 +0.269 0.133 £ 0.1
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mi + ma <1 1.04 +£0.921 1.04 £ 0.
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TABLE XIII: The results of observables testing the Bell in indTornqvist’s method
for the CEPC with
b~! and 20 ab™'.
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the ifferent experimental channels and the 1-loop contribution dominates different
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nergy regimes in each case. It offers a unique opportunity to examine quantum correlations

betwe e spin degrees of freedom arising at next-to-leading-order in perturbation theory
bit systems.
Based on the concurrence and Bell operator definitions for tripartite systems, the study
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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 invaria;t mass close to the
Z-pole mass were analyzed.

The final state photon, lepton, and antilepton result in entanglement since F3 is non-
vanishing, as can be seen in the left panel of Fig. 91." This also holds by considering the
one-to-one and one-to-other concurrences of the subsystems among them. The amount of
entanglement depends on the final-state kinematical cenfiguration and maximally entan-
gled subsystems appear in certain regioms, of the phase space (red regions where F3 ~ 1).
Concerning the Bell non-locality (right pamel)jpredictions incompatible with local realism
(2 < M3 < 4) were obtained in ghe,whole phase space, except for a few particular con-
figurations, suggesting that H — 7154, could serve as a potential laboratory test of the
Bell inequality. On the other hand, CP-violating interactions in the Yukawa sector are sup-
pressed by lepton masses, thus less poewerful for such kind of NP. Furthermore, a natural
multipartite extension is toseomsider the four-fermion Higgs decays, constituting a 4-qubit

system.

E. Exotic lepton mass models

Even morgfexoticimodels involving the lepton sector can benefit from the CEPC. For
example, to'a certain level of precision the SM’s charged lepton masses seem to satisfy the

curious dormula;
Me + My, +ms 2

(Ve + g + ).

proposed by Y. Koide in early 1980’s [760-762], and it exhibits consistency with experimental

K —

(36)

data. The character K calculated from the PDG 2022 data of charged lepton masses [763] is
K =1(2/3)x(0.999991+0.000011), within 1075 precision and within one sigma error. On the

other hand, taking K = 2/3 as an input and using the measured electron and muon masses
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FIG. 92: A Feynman diagram which generates the charged lepton mass mnatrix. Plain lines
represent the Standard Model charged leptons. Double lines represent heavy fermions.
Dashed lines represent Higgs tadpoles as labeled.

~
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 1T 2023
result [764] m, = 1777.09 £ 0.08 + 0.11 MeV/c? within onesigmal error.

Proposals to explain such flavor mass pattern indlude the Froggatt-Nielsen model [765],
the seesaw-type model [766] and the supersymmetzie. Yukawaon model [767]. The key idea is
to express the charged lepton mass matrix as M e (D), where @ is a Hermitian nonet scalar
field in the 3 ® 3* = 8 @ 1 representationief the SU(3) flavor symmetry. In the Froggatt-
Nielsen model or the seesaw-type model, the charged leptons couple to new fermions with
a heavy mass mp through Yukawa eouplings,involving . Diagrams similar to Fig. 92
generates a seesaw type mass matrix Miec (H®®)/m?%. In the Yukawaon model, the SM

Yukawa coupling terms for leptomns, are replaced by the dimension-five operators:
N 2 —%Z_LYHeR +he., (37)

where Y is a flavor nonet scalarfield called the Yukawaon. In a supersymmetric model with

the superpotential

W=pTr(YA)+ ATr (®DA), (38)

where A is.another flavor nonet scalar field, the F-term equations for A gives (Y) o (9®)
and thus M of \(PP) after electroweak symmetry breaking. Any of these models gives
K = Tr(®®)/(Tr(®))?. Then a superpotential for ® is built through symmetry consider-
ations [768, 769], and the F-term equations may set the vacuum expectation value of @,
which leads to K = 2/3. While precision lepton mass measurement is not a main target at
the CEPC, the underlying physical models can be tested in leptonic channels of Higgs decay

measurements at future colliders as well as from extra scalar/Higgs searches.
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FIG. 93: Energy reach in representative exotic search channels C
maximal reach may apply to different parameter regio et

experiments.

Quantity ensitivity scale (GeV)| CEPC Run
ALP g1 6.7 x 103 [682] Tera-Z
2.2 x 10*  [682] 240 GeV
6.5 x 103 [682] 250 GeV
106 [62] Tera-Z
4.8 x 105 [62] Tera-Z
10®  [698] 240 GeV
6 x 105 [749] Tera-Z
lo  [756] 240 GeV
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XII. GLOBAL FITS

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 consideringra 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 madel 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 researchdfindingsiregarding the impact of the

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

L
A. SMEFT global fits

The SMEFT framework—As has been previously addressed, the null result at the LHC
since the Higgs discovery indicates that the'SM is possibly a low-energy effective theory of
some UV completed theoriesgat a scale A > Agw, with Agw = 246 GeV the electroweak
scale. This large energy gap then maturally renders the EFT framework ideal for a model-
independent study on new physics based on the decoupling theorem [770]. In this section,
we focus on the SMEFT framev?ork based on the same SU(3), ® SU(2), ® U(1),, local gauge
symmetry as respegted by the SM while relaxing the accidental global symmetries in the

SM. Generically, the SMEFT can be obtained by extending the SM Lagrangian as

L=Lsu+ Z Z 561 () (39)

where Q@) represents operators with mass dimension n, the index i corresponds to the

sum over the operator basis at dimension n, and d¢; is the associated Wilson coefficient.
Clearly, contributions from the SMEFT operators will be generically suppressed by powers
of p?/A?, with p? the momentum transfer and satisfying p? < A%, Therefore, the dominant
contribution will be coming from the dimension-5 operators, which are also known as the
Weinberg operators [515]. These operators can induce non-vanishing neutrino masses after

the electroweak spontaneous symmetry breaking (EWSSB), but will be otherwise irrelevant
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for the discussion in this section. With that, we focus on the dimension-6 operators, where a
basis, known as the Warsaw basis, was provided in[771, 772]. For phenomenological studies,
a relatively convenient basis, known as the Higgs basis, was proposed im[773] in the broken
phase, which is related to the Warsaw basis by a linear transformation.. The advantage of
the Higgs basis is that different physics becomes disentangled, thus réducing the number
of operators in specific scenarios such as the Higgs, the electroweak, and thefour-fermion
induced physics as we will discuss in the following.

Methodology—For this global analysis, we will only keep EFT C(;rections to the SM
predictions at O(1/A?), i.e., the interference between the SMiyand tlie SMEFT since pure
EFT results will be further suppressed by p?/A2. Then4inder this approximation, one can
generically parameterize

O; = OM +6¢, 4 Oi,SMEFT; (40)
IS

for any observable O;, with 6i,SMEFT the.collection of /operator contributions and OZ-SM its

SM prediction. The global fit is then carried out based on the x? constructed as
¢ = Y=’ [0; - 05, (41)
i,J

where O is the experimental imeasurement of O;, and Jif = [5inij(50j]71 with 00;
the experimental uncertaintiés and pjj the experimental correlation between O;;. Note
that under the linear SMEFT eetrection approximation as adopted here, y? is a quadratic
function in terms of the d¢;’s, thus the global minimum can be analytically obtained from
ox?/ 85@ = 0. On the ether hand, this leading order approximation in eq. (40) also enables
the optimal obseryable approach [752], which utilizes the full information of the process from
the differential distributions and can also provide the best statistical reach. For this reason,
optimal obsgrvables aréwused for this global analysis when applicable, ete™ — WTW ™ for
instance. It is also worthy of mentioning, from a recent machine learning study in [774], that
while this optimal observable approach can lead to satisfying results at the parton level,
some bias imdata interpretation will be introduced at the the detector level.

Results—As a Higgs factory, CEPC is expected to improve significantly the SMEFT
global analysis due to its high energy and luminosity. Ref. [775] 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 94-95
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FIG. 94: 1o relative uncertainties on the SMEFT operators as shown aleng the horizontal
axis from a global analysis of the Higgs couplings. The light bars/are obtained by taking
the total Higgs decay width I'g as a free parameter, and thé dark bars those with a

constrained I'y.

by working in the most general flavor scenario. The centralwalues of the Wilson coefficients
in each plot are assumed to be aligned with the SM predi¢tions, and only the 1o relative
uncertainties are shown for the LHC, HL-LHC, and CEPC with the center of mass energy
V/5 = 240 (360) GeV and the integrated lumingsity/L =220 (1)ab~'. Fig. 94 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 dg; 7, 0k, and Az. The sensitivity
reach of CEPC to leptonic electroweakuvertices can be generically reduced down below the
unprecedented 107 level as shown in thedirst row of Fig. 95, thanks to the high-luminosity
of CEPC and radiative return te'the Z pole from initial state radiation. The corresponding
sensitivity to the hadronic eléctroweakivertices can also be improved by a few, or even an
order of magnitude bettersas for 6gg” IR for instance. For the 4-fermion operators, CEPC
can generically reduce the current uncertainties, as shown explicitly in the last five rows
of figures95. In parficular, for the semi-leptonic operators, the global fit results with the
inclusion of CEP@ can'be imiproved by O(10 ~ 10?) for the 2nd and 3rd generation quarks
due to tagging éfficiencies of heavy quarks at CEPC. These stronger constraints as expected
for CEPC will on the other hand also impose new challenges on the theoretical side, for
example, theoreticalluncertainties on the effective number of relative species during neutrino
decoupling in the early Universe [776, 777]. These current theoretical errors will have to be
further reduced at the CEPC era to match the precision of 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 at the 10~70TeV scale that could show up in either the Higgs, electroweak, or the

4-fermion sector as seen in the summary plot of Fig. 96. For reference, the lower bounds
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FIG. 95: Same.as Fig. 94 but for the electroweak and 4-fermion operators.

on the new physics scale A/ \/]C_Z| are also shown in Fig. 97 by switching to the Warsaw
basis [772] and at the 95% CL. To obtain these results, we assume flavor universality and
one operator at a time. In this figure, the light gray bar represents the constraints from the
current, data with the inclusion of App for neutral Drell-Yan processes at the LHC[778],
anddthe graggbar that with the inclusion of App at the HL-LHC [779]. The last two bars
correspond to the sensitivity of CEPC with /s = 250 GeV and 360 GeV, respectively. In
general, we find it feasible for CEPC to improve the new physics scale by a factor of 3~10
and 0%

CKM unitarity and flavor physics. Finally, we comment on the global analysis of bosonic

except for the Onyd, Oledqs oW operators due to missing projections from the

lequ lequ
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Constraints on A: (HL-)LHC vs CEPC from the SMEFT Global Fit

vir | |

5 CurrentFit < + CEPC249,5/an

] + HL-LHC + CEPC360,1.5/ab

Higgs ¢ !

0 10 20 30 40 50
A[TeV ]

FIG. 96: Sensitivity to the cutoff scale A from the SMEET global fit at the 95% CL. The y
axis shows the optimal reach from electroweak physigsa(-VHf*), pure leptonic four-fermion
operator induced physics (“4¢”), semileptonic four-fermionyoperator induced physics

(“202¢”), and Higgs physics (“H’iggs”).

CP violating SMEFT operators at dimension 6, which will be important to understand the
origin of matter-antimatter asymmetry of our Universe. In [775], it was shown that CEPC
could provide a complementary probe ¢ompared with that from the (HL-)LHC, and the
new physics scale can be constrained to be,above ~ 2.5 TeV. Furthermore, recent analyses
in [780, 781] based on the angular distribution of ete™ — Zv with subsequent hadronic
and leptonic Z decay found that CEPCicould even constrain the CP-violating dimension-8
SMEFT operators to be ground A 1'TeV, assuming one operator at a time and a center
of mass energy at 250 GeV/and an integrated luminosity of 5ab™'. This highlights the
opportunity of studyingsCP violation at the CEPC.

B. 2HDM global fits

While all the indications from the current particle physics measurements seem to confirm
the validity of ®he Standard Model (SM) up to the electroweak scale of a few hundreds
GeV, and theobserved 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) [613], . There are
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with 10* — 10}, bosons [7, 375, 603, 782] would hopefully shed light on the new physics
ass he electroweak sector. To take advantage of these precisions [598, 783], we
make a global fit to explore their abilities of detecting new particles and constraining model

para space.

e is a plethora of articles in the literature to study the effects of the heavy Higgs
tates on the Higgs couplings in Models with extended Higgs sector [598, 613, 783]. In
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FIG. 98: The allowed region in the plane of cos(f = a)—téinﬁ 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-leftiglobal fit, the special “arm” regions for the
Type-II is the wrong-sign Yukawa region: T'he right panel shows the parameter space
varying the value Vw2 with m A=my =mpy+ = mge = 800 GeV. The tree-level only
global fit results are showngby the dashed,black lines for comparison. More details are

shown in Ref. [598].

N
2HDM, identifying the light fP-even Higgs h to be the experimentally observed 125 GeV
Higgs, the couplings of.i to the SM fermions and gauge bosons receive two contributions:
tree-level values, whichhare eontrolled by the mixing angles a of the CP-even Higgses and
tan 3, ratios of‘the vacuum expectation values of two Higgses: tanf = vs/v1, 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 fie deviation to the SM values is observed at future measurements, the 95%
C.Leregionimthe cos(f — a) vs. tan 8 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 98
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. [598]), in which constraints are relaxed at

large tan 5 due to suppressed Yukawa couplings.
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22
23
24 FIG. 99: Three-parameter fitting 95% C.L. range of Amy - Am¢ plane, focusing on the
25 . . . . ..
2% cos(f — «) dependence (given by different colored lings), for Higgs and Z-pole precision
;é constraints individually (left panel), and eembined constraints (right panel) in the Type-II
29 2HDM. More, details ‘are shown in Ref. [783].
30
31
32
33
gg To fully explore the Higgs factoryspotential in search for new physics beyond the SM,
36 both the tree-level deviation ané loop,/corrections need to be considered. The right panel of
37
38 Figure 98 shows the 95% (C.L4global fit results to all CEPC Higgs rate measurements in the
39
40 Type-II 2HDM parameter spacesincluding both tree level and loop corrections. Degenerate
2; Heavy Higgs massesmn g = iy = mpy+ = me are assumed such that Z-pole precision
43 measurements are automatically satisfied. Black, red, blue and green curves are for model
44
45 parameter VAv? = \/mfb —m3y/szcs = 0, 100, 200, and 300 GeV, respectively. The tree-
46
47 level only global fit results are shown by the dashed black lines for comparison. |cos(f — «)|
ZS is typically constrained to be less than about 0.008 for tan 8 ~ 1. For smaller and larger
50 valuessof tan [/ the allowed range of cos(5 — «) is greatly reduced. Loop effects from heavy
51
52 Higgses tilt the value of cos(5 — «) towards negative, especially in the large tan § region.
53
54 Going beyond the degenerate mass case, both the Higgs and Z-pole precision variables are
55
56 sensitive to the mass splittings between the charged Higgs and the neutral ones. Figure 99
57
58 shows the 95% C.L. range of Amy = my — my vs. Ame = myg+ — my plane, for Higgs
59
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and Z-pole precision constraints individually in (left panel), and combined constraintsyright
panel), with my = 600 GeV and Vw2 = 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 constrainedito be peositive
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 Amg ~ 0
or Amg ~ Amy, equivalent to my+ ~ mpy 4. Combining beth the Higgs and Z pole
precisions (right panel), the range of Amy ¢ are further constrained?o a narrower range.
The expected accuracies at the Z-pole and at a Higgs factoryrare gquite complementary in
constraining heavy Higgs mass splittings.

In this section, we presented the results for the impacts of 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, |os(8/— e)¥can be restricted 0.008. When
including the loop effects, CEPC precisign 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 constrainedste-be less'than about 200 GeV.

C. SUSY global fits

It is shown in Section VIII \that the direct searches for sparticles at electron-positron
colliders are restricted by/ collisionenergy. However, the high precision measurements of the
Higgs and electroweak (EW), sector can significantly affect the global fit of SUSY models.
Ref. [784] 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 s«

Ref [473] performed several comprehensive global fits by combining Higgs measurements
at CEPC with existing experimental data, using data provided by the GAMBIT commu-

nity [785=787], for four supersymmetric models:

e CMSSM (Constrained Minimal Supersymmetric Standard Model). Inspired by scenar-
108 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 g, a universal gaugino mass m;/; and a universal trilinear couping A,. The
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. 100:"One-dimensional profiled likelihood ratio for the global fit of the CMSSM,
1,,NUHM2, and MSSM7 models, using the present experimental data (left parts)

v and considering additional CEPC measurements (right parts).
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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 § = v, /vy @and the sign

of u.

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

mpy, = mpg, = myg at the GUT scale. ~

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

parameters at the GUT scale.

e MSSMY7 (seven-dimensional phenomenological MSSIY[). 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/, M.
All entries in A,, Ay and A, are assumed o be zero except for (A,)ss = A,, and

2 2 2 2
s, ms, m; and m, to be

(Aq)ss = Agy. All of the off-diagonaleentries in mg, m
zero, so as to suppresséflavour-changing neutral currents. By setting all remaining
mass matrix entries to asuniversal squared sfermion mass mf;, the final list of free
parameters contains My, \Ay,, Ag,, m%, m¥; , my, and tan § (plus the input scale Q

and the sign of p).

Beside precise Higgs measurements at future Higgs factories, the likelihood functions include
a number of dire¢t 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 IT of the LHC, and constraints from Higgs observables.

Fig. 100.shows the profile likelihoods with and without the additional likelihood for the
Higgs measurerents 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
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
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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 yu 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 paramete\rs. For 19-parameter
phenomenological MSSM, Ref. [788] shows that future the efe~ eollider 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 enhanc¢ 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 knewledge of the MSSM.
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XIII. CONCLUSION

This document presents the Beyond the Standard Model physics potential of the Cir¢cular
Electron-Positron Collider. Operating as a powerful probe of new physics, the CEPC will
conduct dedicated runs at the Higgs, Z, and W production thresholdsgwith upgrade capa-
bilities for ¢t threshold operation. We systematically investigate BSM scenarios where the
CEPC can provide significant advancements, organized into the following categories: exotic
Higgs, W, Z, and top decays; electroweak phase transition and grévitational wave signa-
tures; dark matter and dark sector studies; long-lived particle searehes; supersymmetry;

flavor physics; neutrino physics; exotic models and globalfits.

Given the CEPC’s primary focus on precision Higgs physics, it serves as an ideal facility to
investigate BSM scenarios mediated through Higgs pertal operators and higher-dimensional
Higgs-related operators. These operators can modify SMyVHiggs couplings and induce ex-
otic Higgs decay channels. With its plasimed integrated luminosity of 20 ab™*, the CEPC
will achieve unprecedented sensitivity to exotieHiggs decays, constraining branching ratios
to: (i) ~ 0.1% for fully invisible decays, (ii) 0:03%0.2% for semi-invisible decays, and (iii)
0.03%-0.6% for decays to dark sector pacticles that subsequently decay to SM final states.
Fig. 101 presents a comprehensive sensitivity comparison between CEPC and HL-LHC for:
semi-invisible decays H — jj £ F, datksector decays H — XX with X — bbor X — 777
The cleaner lepton collider envizonment at CEPC provides 2-3 orders of magnitude improve-
ment in fully visible channels] while its superior missing energy reconstruction enables 2-4
orders of magnitude better sensitivity for fully invisible and semi-invisible channels compared

to HL-LHC.

Another key objective of the CEPC is conducting precision measurements of the Z
gauge boson‘at the Z-pole, which will substantially improve upon the electroweak precision
achieved by, LEP. Dark sector particles may carry effective electroweak charges, potentially
generating exotic Z decays through either off-shell mediation or on-shell production of the
dark sector particles. These exotic decays can be categorized according to their final states:
(i)'decays ¢ontaining invisible particles, (ii) light resonances producing SM particle pairs, or
(iii) non-resonant three-body decays. Fig. 101 compares the sensitivity of CEPC and HL-
LHC for: semi-invisible decays Z — F+~ and Z — jj+ £, and dark sector decays Z — a+-y

with a — 7. The Tera-Z operation can probe branching ratios in the range [10~7, 107] for
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FIG. 101: Projected sensitivities of the CERPC and HI:LHC for various new physics

scenarios, including exotic Higgs (first three cate es) and Z-boson decays (categories

4-6), flavor-violating Higgs and B-me ays (categories 7-9), long-lived particle
searches (categories 10-11), scalar portal mixing (categories 12-13), as well as
dipole moment interactions (last two

categories). For flavor-violating cay channels, there are existing constraints

strain the effective number of relativistic neutrino species

proximately 1073, which can probe Z boson couplings to dark

uplings to Z bosons. Higgs precision measurements of the hZ cross-section
iggs couplings, together with searches for exotic Higgs decays into lighter dark
n effectively probe the Standard Model Effective Field Theory in the context of
T and can cover almost the entire FOEWPT parameter space. CEPC is particu-

arly well-suited for studying the extra scalar decays into 777~ and bb channels, offering a
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significant advantage over the HL-LHC. CEPC provides a competitive method to explore
the FOEWPT of the early Universe, which could be cross-checked by gravitational wave
experiments. In fact, the FOEWPT is in contradiction to the SM predietion of & cross-over
in the early Universe. New particles need to be introduced to alter the thermal history
of the early Universe. These new particles are naturally associated with the Higgs sector.
They could cast sizable deviations in Higgs boson properties that gould be observed at the
CEPC. Quantitative studies show that the CEPC could cover almestithe entire phase space

~

of those models, providing decisive tests of the FOEWPT scenarios

The CEPC offers exceptional sensitivity for probing light ‘dark matter and dark sector
particles that interact with the Standard Model electroweak sector. These particles may
couple to the SM through scalar, fermion, or vector portals;with many such models testable
via exotic Higgs and Z decays. Additionally, the CEPCican directly produce dark sector par-
ticles through Drell-Yan processes and DM vial assoeiated¥production channels. Compared
to HL-LHC, these channels enable up tofan order-of-magnitude improvement in sensitivity
to mixing angles or coupling strengths for sealarpfermion, and kinetic mixing portals, as well
as 1-2 orders improvement in couplingsstrength sensitivity for DM with electric or magnetic
dipole moments as shown in Fig. 101" For canonical scalar or fermion dark matter with
Higgs-portal mediation to the ' SM, the CEPC provides excellent sensitivity at low masses
region (< 10 GeV), complements diréet-detection coverage at higher masses region (2 10
GeV), and extends reach intorthémneutrino fog for both scalar/fermion DM scenarios beyond
the HL-LHC capacity, as shown in Fig. 35. The clean experimental environment and capa-
bility for full final-state reconstruction (including missing energy) are crucial for CEPC to

deliver competitive sensitivity for dark sector models.

BSM particlés may appear as long-lived particles in collider experiments, and the CEPC’s
sensitivity with additional far detectors has been extensively studied. Benefiting from its
high integrated luminosity for Z, Higgs, and W boson production, the CEPC offers ex-
ceptional competitiveness for investigating LLP decays originating from these bosons. For
instance, in'eases of exotic Higgs decays to long-lived dark scalar or dark photon pairs that
subsequently decay into quarks or leptons, the CEPC demonstrates sensitivities two orders
of magnitude superior to the HL-LHC, as illustrated in Fig. 101. This advantage stems from
the CEPC’s cleaner experimental environment and enhanced sensitivity to quark and tau

final states compared to the HL-LHC. Furthermore, the CEPC provides superior probing
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capability for long-lived staus (superpartners of tau leptons) decaying into gravitines and
tau leptons compared to the HL-LHC. Consequently, LLP studies at the CEPC will deliver
complementary measurements to those obtained at the HL-LHC.

Supersymmetry remains one of the most compelling beyond-Standard-Meodel scenaxios.
Although the CEPC operates at a lower center-of-mass energy than the HL-LHC, it main-
tains strong sensitivity to light electroweakinos and sleptons with masses up to half its
collision energy. This mass reach can be further extended whensonerof the produced elec-
troweakinos or sleptons in a pair-production process is permittedto l; off-shell. A partic-
ularly promising channel is the search for heavier selectrons via,light bino pair production
through t-channel selectron exchange. This process effectively bypasses conventional energy
constraints, extending the selectron mass reach up to/d.5 TeV at the CEPC despite its lower
center-of-mass energy. The low-background environment and excellent detection capabilities
for soft final-state particles at CEPC provide significant,advantages, especially for probing
scenarios with compressed mass spectralwhere sensitivity at hadron colliders is typically
reduced.

Flavor physics presents significantipetential for uncovering new physics, and the CEPC
holds great promise in this area due to,the high statistics of Z gauge boson events, a
cleaner experimental environment, and the ability to fully reconstruct events with missing
energy. The high integrated luminositynat the Z pole allows sensitivity improvements of 2—4
orders of magnitude for exoticsZ. decays into charged leptons that violate flavor, such as
Z — (¢'. Additionally, the CEPC will allow for a highly precise examination of tau lepton
charge lepton flavor wvielation decays, achieving sensitivity improvements of approximately
two orders of magnitude. Sensitivity to rare B, B, and B, meson decays via FCNC processes
can also be improved by 2-3 orders of magnitude, particularly in cases where the final
state involves a 7 lepton. In Fig. 101, we show the branching ratio sensitivity comparison
for the flavor-violating Higgs decay H — sb,db and the B meson decays B. — 7v and
BY — ¢uvi, whére CEPC projected sensitivities are significantly better than HL-LHC and
LEP experiments.

Neutrino masses and oscillations require BSM physics, and the CEPC can play a sig-
nificant role in exploring these phenomena. The CEPC can complement 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 associated production, com-
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bined with a clean experimental environment, the CEPC can achieve superior sensitivity in
detecting displaced sterile neutrinos from Z and Higgs decays, surpassing the capabilities of
the HL-LHC. Additionally, with potential main detector setups and far detector options, the
CEPC could further enhance its reach. In Fig. 101, the transition dipole operator for sterile
neutrinos, particularly for masses above the GeV scale, and the active‘@eutrino mixing can
be the most effectively probed at CEPC, providing sensitivity improvements: by three and
one orders of magnitude respectively compared to HL-LHC.

For exotic new physics models, the CEPC offers unique capabilitie; to constrain ALPs,
particularly through their anomalous couplings to Standard Medel gauge bosons. The pro-
duction of ALPs from Higgs and Z bosons at the CEPC provides complementary 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 environment. 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.

Global fits provide a comprehensive statistical framework for evaluating and comparing
BSM models by simultaneously analyzing multiple experimental constraints to determine
the most viable parameter ranges and model predictions. In this white paper, the global fit
analysis has been performed for SMEFT, 2HDM, and various SUSY models for CEPC. The
CEPC offers an order-of-magnitude improvement by 1-3 orders on Higgs coupling SMEFT
operators and a 1-2 order impreyvement on electroweak vector-fermion couplings, especially
for leptons and second/third-generation quarks, compared to HL-LHC. For 2HDM, the
precision measurement of the Higgs and Z-pole at CEPC can constrain the Higgs parameter
| cos(B — )] to less than 0.008, and the typical mass splitting of heavy Higgs to less than
about 200 GeV< For small tan 3, the SUSY scale can be raised to above 1 TeV using the
precision data of Higgs and electroweak measurements.

In summary, CEPC could determine the Higgs boson properties and explore Beyond the
Standard Model physics with unprecedented sensitivity. As a future Higgs factory, it will
produce millions of Higgs bosons in a clean experimental environment, enabling detailed
studies of Higgs properties that could reveal deviations from Standard Model predictions.
These deviations may point to new physics, such as hidden couplings to dark matter, mixing
with dark sector particles, or mechanisms explaining neutrino masses. The CEPC will also

investigate the Higgs potential, which is crucial for understanding electroweak symmetry
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FIG. 102: The typical energy scalesof New@ysics that could be probed at the CEPC.
The left column corresponds to a specialized\\TeW Physics Model of SUSY, and exotic New
Physics signal searches, including Axion-like particles, and scalar particles in seesaw

Models. The middle and right columns correspond to New Physics search via EFT.

A S

breaking and the possibility/of a'first-order phase transition in the early universe, a key
requirement for explaining matter-antimatter asymmetry. In addition to Higgs studies,
CEPC will excel infprobing light dark matter and dark sector particles, which are challenging
to detect at hadron colliders like the LHC. Its high-precision measurements of Higgs and
Z bosons could uncover, rare decays or signals of long-lived particles, offering insights into
theories like ‘supersymmetry or hidden dark forces. Its ability to reconstruct soft particles
and migsing enetgy makes it uniquely sensitive to compressed spectra and weakly interacting

scenarios.

The new physics discovery power could also be expressed in the explorable energy range.
Using the SMEFT framework and considering the high precision measurements on EW and
Higgs sectors, the CEPC could explore the New Physics with an energy scale of 10-100
TeV, which is roughly one order of magnitude higher than that of the HL-LHC. CEPC is

http://cpc.ihep.ac.cn

Page 206 of 272



Page 207 of 272 Chinese Physics C

oNOYTULT D WN =

207

sensitive to the SUSY Particles with mass scale range from the beam energy up 4o 5 TeV
(for the SUSY partner of the electron could be detected via ¢-channel exchanges). CEPC'is
sensitive to the New Physics at an energy scale much higher than the center-of-mass energy,
for example, it could explore new physics with an energy scale of 1 x 10%.TeV threugh
the measurements of 7 weak-electric dipole moments. More details céuld be found in the
relevant sessions.

In conclusion, the CEPC stands as a versatile and powerfulsfaeility for probing new
physics beyond the Standard Model. Its unparalleled precision in HigEs coupling measure-
ments, electroweak parameter determinations, and exotic decaysearches enables sensitivity
to phenomena inaccessible at hadron colliders. The CEPC’s clean c¢ollision environment and
high luminosity make it exceptionally suited for investigating dark matter candidates, long-
lived particles, and supersymmetric scenarios through both direct searches and precision
deviations. Furthermore, its capability to explore the Higes potential’s structure provides
critical insights into electroweak phase tramsition dynamics and potential gravitational wave
signatures, bridging particle physics with eesmology.

Looking ahead, the CEPC servegras.a vital complement to future 100 TeV proton-proton
colliders like the SPPC. While the SPPC will extend the energy frontier to directly pro-
duce heavy new states, the CEPC’s precision measurements will provide essential guid-
ance by constraining model parameters and identifying promising discovery channels. This
synergy creates a powerfulimulti-scale approach—the CEPC’s electroweak-scale precision
and the SPPC’s ultra-high-energy reach together form a complete strategy for uncovering
new physics. By establishing fundamental benchmarks and revealing subtle deviations, the
CEPC will not only advance.our understanding of the Higgs sector but also lay the ground-

work for transformative discoveries at next-generation hadron colliders.
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2 GLOSSARY

5

6

7 ATLAS A Toroidal LHC Apparatus

g ALP Axion-like Particle

1(1) BNL Brookhaven national laboratory

:g BSM Beyond the Standard Model

1‘51 CDR Conceptual Design Report o
16 CEPC Circular Electron-Positron Collider

1; cFLV charged Lepton Flavour Violation

;g CHARM CERN-Hamburg-Amsterdam-Rome-Moscow collaboration
21 CHSH Clauser, Horne, Shimony and Holt

;g CKM Cabibbo-Kobayashi—-Maskawa,

;g CMSSM Constrained Minimal Supersymmetric Standard’ Model
;? CP Charge Parity

28 DM Dark Matter

;g DS Dark Sector

;; EDM Electric Dipole Moments

2431 EFT Effective Field Theory

35 EHM Emergent Hadron Mass

g? EW Electroweak N

gg EWKino Electroweakino

40 EWPT Electroweak Phase Transition

jl; FCC Future circular collider

ji FCMC Flavor changing Neutral Current

22 FD Far Detector

47 FNAL Fermi national accelerator laboratory

jg FOEWPT First Order Electroweak Phase Transition

g? HB Higgs boson

gg HVP Hadronic vaccum polarisation

>4 GUT Grand Unification Theory

gg GW Gravitational Waves

;73 LEP Large electron-positron collider

59

60 http://cpc.ihep.ac.cn



oNOYTULT D WN =

Chinese Physics C

LFU Lepton Flavour Unitarity

LFV Lepton Flavour Violation

LHC Large hadron collider

LHVT Local hidden variable theory

LLP Long-Lived Particle

MC Monte Carlo

MD Main Detector

MSSM Minimal Supersymmetric Standard Model
ND Near Detector

NP New Physics

NSI Non-Standard Interaction

NUHM Non-Universal Higgs Mass

OPAL Omni-Purpose Apparatus at LEP
PDG Particle data group

QED Quantum ElectroDynamics

QCD Quantum ChromoDynamics

QM Quantum Mechanics

SM the Standard Model

SMEFT the Standard Model‘Effective Field Theory
SUSY Supersymmetry ~

SUGRA Supersymmetric gravity

2HDM Two-Higgs-Doublet Model

VLL Vector-like Lepton

WDM Weak Dipole Moment

WIMP Weakly Interacting Massive Particle
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