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Abstract: We discuss the landscape of flavor physics at the Circular Electron-Positron Collider (CEPC), based on
the nominal luminosity outlined in its Technical Design Report. The CEPC is designed to operate in multiple modes
to address a variety of tasks. At the Z pole, the expected production of 4 Tera Z bosons will provide unique and
highly precise measurements of Z boson couplings, while the substantial number of boosted heavy-flavored quarks
and leptons produced in clean Z decays will facilitate investigations into their flavor physics with unprecedented pre-
cision. We investigate the prospects of measuring various physics benchmarks and discuss their implications for
particle theories and phenomenological models. Our studies indicate that, with its highlighted advantages and anti-
cipated excellent detector performance, the CEPC can explore beauty and 7 physics in ways that are superior to or
complementary with the Belle II and Large-Hadron-Collider-beauty experiments, potentially enabling the detection
of new physics at energy scales of 10 TeV and above. This potential also extends to the observation of yet-to-be-dis-
covered rare and exotic processes, as well as testing fundamental principles such as lepton flavor universality, lepton
and baryon number conservation, etc., making the CEPC a vibrant platform for flavor physics research. The WW
threshold scan, Higgs-factory operation and top-pair productions of the CEPC further enhance its merits in this re-
gard, especially for measuring the Cabibbo-Kobayashi-Maskawa matrix elements, and Flavor-Changing-Neutral-
Current physics of Higgs boson and top quarks. We outline the requirements for detector performance and consider-
ations for future development to achieve the anticipated scientific goals. The role of machine learning for innovative
detector design and advanced reconstruction algorithms is also stressed. The CEPC flavor physics program not only
develops new capabilities for exploring flavor physics beyond existing projects but also enriches the physics oppor-
tunities of this machine. It should be remarked that, given the richness of the CEPC flavor physics, this manuscript is
not meant to be a comprehensive survey, but rather an investigation of representative cases. Uncovering the full po-
tential of flavor physics at the CEPC will require further dedicated explorations in the future.

Keywords: flavor physics, future collider, CEPC
DOI: 10.1088/1674-1137/adf1f0 CSTR: 32044.14.ChinesePhysicsC.49103003

ics community to function primarily as a Higgs factory at
a center-of-mass energy of 240 GeV. It is also set to oper-

The Circular Electron-Positron Collider (CEPC) [1, 2] ate as a Z factory at the Z pole, conduct precise WW
was proposed in 2012 by the Chinese high-energy phys- threshold scans, and potentially be upgraded to operate at

I. INTRODUCTION
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a center-of-mass energy of 360 GeV, i.e., above the #
threshold. In the proposed nominal operation scenario [1,
3], the CEPC is anticipated to produce significant num-
bers of Higgs and Z bosons, W boson pairs and, poten-
tially, top quarks. With respect to the accelerator design,
the development of key technologies has led to a signific-
ant enhancement in the instantaneous luminosity per in-
teraction point (IP) compared to those reported in the
Conceptual Design Report (CDR), as shown in Fig. 1.
Based on this progress, the CEPC study group proposes a
new nominal operation scenario, shown in Table 1, which
would allow for precision measurements of Higgs boson
couplings, electroweak (EW) observables, and QCD dif-
ferential rates. It would also provide ample opportunities
to search for rare decays and new physics (NP) signals.
Moreover, the large quantities of bottom quarks, charm
quarks, and tau leptons from the decays of Z bosons cre-
ate opportunities for numerous critical flavor physics
measurements. It should be noted that the results presen-
ted here are based on the updated running scenario using

C L W T T T T T T 17 T T i
. —s— FCC ]

- | ~a— CEPC (30 MW)

& 10°F - .
c E CEPC (50 MW) 3
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Fig. 1. (color online) Designed luminosities of the CEPC at

the Z pole, Higgs, WW, and the # thresholds operation modes
with the baseline and upgrade shown in solid and dashed blue
curves, respectively. Luminosities for several other proposals
of e”e* colliders are also shown for comparison. See Ref. [1]
for details.

a 50 MW synchrotron radiation (SR) power beam [1].
Flavor physics, as a well-developed area within
particle physics, has contributed substantially to the es-
tablishment of the Standard Model (SM) over recent dec-
ades. This was achieved through the examination of the
properties of SM fermion flavors in a myriad of experi-
ments, yielding significant findings and discoveries. The
CEPC can serve as a flavor factory, and its flavor phys-
ics program enhances the CEPC's overarching physics
objectives. The flavor sector provides substantial motiva-
tions for the CEPC operation, given the existing multi-
tude of unknowns within the SM and beyond.
Understanding the flavor physics potential of the
CEPC is not an isolated field of study, as it also influ-
ences other primary fields of explorations at the CEPC,
including Higgs physics, EW precision observables
(EWPOs), QCD, and Beyond the Standard Model (BSM)
physics. For instance, within the SM the fermion mixing,
specifically the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [4, 5] and its hierarchical structure, originates
from the Yukawa couplings of the Higgs field to the fer-
mion gauge eigenstates. While some of the diagonal
Yukawa couplings will be pinned down by the direct
Higgs measurements at CEPC [6], studying the origin of
the off-diagonal flavor mixing terms and their CP-violat-
ing phases remains mainly within the realm of flavor
physics. Conversely, while most heavy-flavored particles
decay via EW transitions at the tree level, many rare pro-
cesses are only induced by EW one-loop effects, such as
Flavor-Changing-Neutral-Current (FCNC) transitions.
Their measurements may also serve as alternative tests of
the EW sector at an energy scale lower than Z-pole meas-
urements. Meanwhile, many EWPOs necessitate precise
flavor tagging and high-precision reconstruction, e.g., the
forward-backward asymmetry of charm and bottom
quarks. Furthermore, most flavor physics studies involve
QCD since all quarks are colored and 7 leptons can decay
to hadronic final states. In fact, most flavor physics stud-
ies rely on the theory of QCD, both perturbatively and
non-perturbatively, to provide insights into the corres-
ponding production, spectroscopy, and decays of hadron-
ic states. In turn, the plethora of flavor measurements
could provide crucial inputs to, and calibration of, QCD
theory in multiple ways. It is also noteworthy that flavor

Table 1. Nominal CEPC operation scheme of four different modes. See [1, 3] for details.
Operation mode Z factory WW threshold Higgs factory i1
\5/GeV 91.2 160 240 360
Run time/y 2 1 10 5
Instantaneous luminosity (103*cm=2s~!, per IP) 191.7 26.7 3.3 0.83
Integrated luminosity (ab™!, 2 IPs) 100 6.9 21.6 1
Event yields 4.1x102 2.1x108 4.3%10° 0.6 10°
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physics provides a set of probes sensitive to BSM phys-
ics. For instance, the decay of a heavy-flavored fermion is
suppressed by EW scale, Gim} < 107, and consequently
f'becomes long-lived. Such a narrow width makes it pos-
sible to reveal even small BSM effects, which are not eas-
ily observable otherwise. Finally, the ambitious goals of
flavor physics studies motivate developments on the in-
strumentation frontier, demanding enhanced detector per-
formance in vertexing, tracking, particle identification
(PID), and calorimetry.

The successful realization of the flavor physics pro-
gram at the CEPC relies on a number of key factors:

e An abundant luminosity of the data at the CEPC Z
pole, which yields substantial heavy flavor statistics.
With a high integrated luminosity and the large cross sec-
tion o(e”e* — Z — bb,c¢, 7 1"), the Tera-Z will generate
extensive statistics of heavy-flavored hadrons and 7
leptons [2], rivaling other proposed flavor physics experi-
ments. This is demonstrated by the expected yields of b-
hadrons in Belle II, LHCb and a representative future Z
factory, as listed in Table 2. The Tera-Z yields approxim-
ately 4.8x 10" B°/B° or B* mesons, which is one order
of magnitude larger than that expected at Belle II [7].
Even though this yield is roughly two orders of mag-
nitude lower compared to that of LHCb, studies at the
Tera-Z can benefit significantly from the clean experi-
mental environment and the precisely known center-of-
mass energy.

Table 2.

e The clean environment of e"e* collisions consti-
tutes another cornerstone, substantially diminishing the
background level and systematic uncertainties associated
with neutral particles. This environment is particularly
beneficial to flavor physics studies involving heavy b-
hadrons, especially given the significantly limited event
reconstruction efficiency in the noisy data environment of
the LHCD [19].

e The scale separation my > my, .. 2 Aqcp underpins
the success of the project, as it facilitates the production
of'a wide array of particle species. In addition, even de-
cay products with low momentum in the center-of-mass
frame of heavy-flavored particles are expected to be
boosted to higher energies and larger displacements. The
significantly higher boost at the Z factory compared to the
B and C factories offers substantial advantages for
particle identification and measurement precision.

o Lastly, state-of-the-art detector technologies and al-
gorithms for data analysis under development today will
be crucial when deployed in the CEPC era. These techno-
logies will enhance the investigation of extremely rare
decay modes that contain neutral or invisible particles, as
the cleanliness of a lepton collider enables such studies.
The evolving field of advanced algorithms, especially
deep learning ones, could also benefit flavor physics at
the CEPC in almost all aspects by fully utilizing the large
amount of data recorded from the hardware.

Expected yields of h-hadrons, c-hadrons, and 7 leptons at BESIII, STCF, Belle II, LHCb Upgrade II, and CEPC (according

to the TDR [1], 4x 10'2 Z bosons are expected). For - and c-hadrons, their yields include both charge conjugates, while the yield of
leptons refers to the 77+ events, namely the number of 7 pairs. We take the cross sections for bb and c¢ productions at center-of-mass
energies corresponding to Y(4S) and Y(55) from Ref. [7], and of the b quark productions within LHCb detector acceptance from Ref.
[8]. To estimate the production fractions of B® and B* at LHCb, we utilize the B and A production fractions in Ref. [9] and assume
Su+fa+ fs+ foaryon = 1, With f, = f4, and ng = foaryon- For Z decays, the production fractions of B°, B*, BY, and AJ are presented in Ref.
[10]. The B, meson production fraction at LHCDb is taken from Ref. [11], while its production fraction at the Z pole (including the con-
tribution from B; decays) is taken from Ref. [12]. For inclusive charm meson productions at the Z pole, including the contribution from
b-hadron decays, see Refs. [13—17]. The yields of 7 leptons at the CEPC are rescaled from Ref. [2]. The particle yields at the STCF are

taken from Ref. [18].

Particle BESIII STCF (1 ab™!) Belle I1 (50 ab™' on Y'(4S)) LHCb (300 fb!) CEPC (TDR)
B°, B° - - 5.4x1010 3x1013 4.8x 10!
B* - - 5.7x 1010 3x1013 4.8x 10!
BY, BY - - 6.0x 108 (5ab™' on Y(55)) 1x1013 1.2x 10"
B - - - 1x10" 72%108
A9, A9 - - - 2x10"3 1x 10!
DO, D° 1.2x108 7.2x10° 4.8x10'0 7x 10 8.3x 10"
D* 1.2x108 5.6x10° 4.8x10'0 3x10M 4.9x 10!
Dy 1x107 1.8x10° 1.6x 1010 1x10M 1.8x 10!
AZ 0.3x107 1.1x10° 1.6x 1010 1x 10" 6.2x 1010
T 3.6x 108 3.6x10° 4.5x 1010 1.2x 10!
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While the flavor physics program at the CEPC bene-
fits from the various advantages above, it confronts new
challenges. The first of these challenges is related to the
significant increase in event statistics at the CEPC, which
is expected to be greater by a factor of > O(10%) than the
LEP run at the Z pole. Given the improved detector sys-
tems and electronics, the volume of data to be processed
will increase substantially. Meanwhile, the precision
goals of flavor physics, driven by theoretical interests,
will also reach an elevated level in the CEPC era. There-
fore, it becomes essential to improve the understanding of
backgrounds and to control systematic effects to match
statistical uncertainties, thus to fully benefit from CEPC's
luminosity.

A second challenge arises from the multitude of vi-
able channels to be studied at the CEPC. Compared to the
other proposed future flavor physics experiments (or the
upgrades of the current ones), the improvement achiev-
able at the CEPC varies significantly channel by channel.
Initial studies indicate that while the CEPC could en-
hance the precision of measurements by orders of mag-
nitude in many instances, the improvement could be mar-
ginal in others. Therefore, identifying the most valuable
systems, or "golden channels" - those with the highest po-
tential for significant progress or even discovery poten-
tial - for investigation in the CEPC context could substan-
tially reduce the allocation of future resources. As it
stands, some of these golden modes at the CEPC may
have been overlooked as they are not suited for the exist-
ing experiments.

Besides these aforementioned experimental chal-
lenges, control of theoretical uncertainties is critical for
CEPC flavor physics measurements and their interpreta-
tion. Theoretical inputs come in multiple forms, such as
the non-perturbative theory of hadronization, perturbat-
ive QCD and EW corrections to fermion production, lat-
tice extrapolations of heavy flavor form factors, the rela-
tion between the CKM matrix elements and the observed
CP asymmetries, as well as the proper modeling of the
electron beam and detector system. To accurately scrutin-
ize the SM and to search for NP, the precision of these
theoretical tools must align with those of the experiment-
al outputs.

The principal objective of this document is to present
a general perspective on the discovery potential of flavor
physics at the CEPC, through Monte Carlo (MC) simula-
tions and relevant phenomenological analyses. During the
compilation of this white paper, simultaneous efforts
were dedicated to promoting flavor physics programs at
other future lepton colliders, such as the Future Circular
Collider (FCC-ee) [20, 21] and the International Linear
Collider (ILC) [22], both of which also include a Z fact-
ory phase and higher energy operations. In particular, the
FCC-ee Z pole run has a similar integrated luminosity
(180 ab ") to the current CEPC proposal, and the higher-

energy runs are likewise comparable. Since both propos-
als share similar detector performances [2, 23], and both
adopt a particle flow algorithm (PFA)-oriented detector
design [2] and IDEA (Innovative Detector for Electron-
positron Accelerator) detector design [24], some relevant
FCC-ee studies were also incorporated into the current
summaries, with only minimal rescaling applied as neces-
sary. For the same reason, many physical discussions and
conclusions in this white paper could also be applied to
the FCC-ee project.

This document is structured as follows. In Sec. II, we
provide an overview of the CEPC facility, delineating key
features of the collider and the detector that are crucial
for flavor physics. Additionally, the simulation methods
utilized at the CEPC are explained. Sec. III delves into
Flavor-Changing-Charged-Current (FCCC) semileptonic
and leptonic b decays, discussing their theoretical frame-
work, recent progress and future research directions. Rare
b decays mediated by FCNC are explored in Sec. IV, fea-
turing a preliminary theoretical interpretation and discus-
sion of di-leptonic, neutrino and radiative modes. Sec. V
is dedicated to the discussions on the measurements of
CP asymmetries. Secs. VI and VII focus on charm/
strange and 7 physics respectively. Flavor physics meas-
urements via leptonic or hadronic Z decays are discussed
in Sec. VIII. Sec. IX extends the discussions to flavor
physics at higher energies, including |V,,| measurements
through on-shell W boson decays, Higgs exotic and
FCNC decays, as well as touching upon other possibilit-
ies. Prospects of hadron spectroscopy and exotic states
are covered in Sec. X. The production of light BSM
particles by heavy flavor interactions forms the central
theme of Sec. XI. The detector performance require-
ments for a successful flavor physics program at the
CEPC are discussed in Sec. XII. Finally, we summarize
the topics covered in this document and provide an out-
look for future explorations in Sec. XIII.

II. DESCRIPTION OF CEPC FACILITY

A. Key collider features for flavor physics

As an e”e* collider operating around the EW scale,
flavor physics studies at the CEPC are affected by three
major features. Firstly, as +/s>m,;..,the CEPC pro-
duces highly relativistic heavy-flavored quarks or leptons.
Their boosted decay products allow for precise mo-
mentum and lifetime measurements. This is in contradis-
tinction to the situations at low energy e e* colliders such
as Belle II [7], BaBar [25], BESIII [26], and other future
proposals, such as the Super Tau-Charm Factory (STCF)
[18]. Secondly, as an e"e¢* collider, the CEPC provides a
clean environment for flavor physics studies with low
QCD backgrounds, negligible pileup events, and an al-
most fixed E.,. Compared to hadron collider experi-
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ments, such as the LHCb [27], the CEPC enables more
effective identification and reconstruction of final states
that include neutral or invisible particles. The above argu-
ments show the uniqueness of CEPC flavor physics stud-
ies. Thanks to advanced accelerator design, the large in-
stantaneous luminosity will allow us to collect O(10%)
times more statistics than the LEP Z pole run [28]. As a
consequence, the search and analysis strategies may dif-
fer significantly from those employed in the relevant
studies at LEP. For instance, high signal statistics allows
sharper cuts to reduce backgrounds. At the same time,
one needs to carefully address other systematic uncer-
tainty sources using the plethora of data. Hence, the large
luminosity of the CEPC brings new challenges and exist-
ing projections based on LEP must be reconsidered. Such
challenges are especially severe for precision measure-
ments. According to the CEPC CDR [2], the beam en-
ergy spread could typically be controlled to the level of
0.1%. This, together with a detector that can reconstruct
precisely hadronic events — allowing for precise determ-
ination of missing energy/momentum — thus enables rel-
evant physics measurements with high precision; for in-
stance, tagging semileptonic heavy quark decay and
searching for dark matter candidates in hadronic events,
especially in the Z factory mode.

The CEPC uses a nano-beam scheme and therefore
the typical beam spot sizes are of order um in the x direc-
tion, of order nm in the y direction, and correspondingly
of order a few hundred um in the z direction. The beam
sizes at different operation modes of the CEPC are sum-
marized in Table 3. The accelerator will provide a colli-
sion area with a typical size of order um in the transverse
direction and of order 100 um along the beam direction.
The spatial uncertainty of the interaction point can there-
fore be limited, enabling high precision measurements
with 7 final states — for example, in dark matter searches
with Z — 777+ events at the Z factory.

B. Key detector features for flavor physics

Flavor physics program at Tera-Z is enormously rich
and extremely demanding on detector performance. In
general, a Tera-Z detector would have a large acceptance
with a solid angle coverage up to |cosf| < 0.99. This de-
tector would also have low energy and momentum

Table 3. Beam size, bunch length, and crossing angle at dif-
ferent operation modes of the CEPC [1, 3].

Operation mode Z factory WW threshold Higgs factory 7

V5/GeV 91.2 160 240 360
Beam size o /pm 6 13 14 39
Beam size oy /pm 0.035 0.042 0.036 0.113
Bunch length (total, mm) 8.7 4.9 4.1 2.9
Crossing angle at IP (mrad) 33

thresholds at the 100 MeV level to record and recognize
low energy objects that characterize certain hadron de-
cays, e.g., soft photons and pions generated from excited
heavy hadrons, as well as some low energy hadrons that
are essential for understanding relevant QCD processes
[29].

To efficiently separate signal events from back-
ground, it is essential to identify the relevant physics ob-
jects and to precisely reconstruct their properties — espe-
cially their energies and momenta. For a Tera-Z detector,
a typical benchmark is to reconstruct the intermediate
particles, such as 7n° > yy, K} > n'n, ¢ > KK, A—
pn~, etc., inside hadronic Z events. A more challenging
case would be to identify the decay products of a target
heavy-flavored hadron which may decay into O(10)
particles with a complicated and rich decay cascading or-
der inside a jet. These decay products include not only
charged final state particles (Ieptons and charged had-
rons), but also photons, neutral hadrons, and the missing
energy/momentum induced by neutrinos. A hadronic Z
event could have up to 100 final state particles, as shown
in Fig. 2. To successfully separate and reconstruct the de-
cay products of the target particle is a key challenge for
measurements performed in hadronic Z events, for which
it is necessary to employ the particle flow method [30,
31]. Such a method emphasizes the separation of final
state particles and has been proven capable of providing
better reconstruction of both the hadronic system and the
missing energy/momentum.

In addition, good intrinsic resolution of subdetectors
(i.e., momentum reconstruction by the tracker and energy
measurement by the calorimeter), is always critical for
flavor physics measurements. It not only enables the pre-
cise reconstruction of physics properties, such as particle
masses, but also significantly reduces the combinatorial
background, which is especially present in physics meas-
urements involving narrow resonances. In particular,
achieving excellent electromagnetic (EM) energy resolu-
tion with a particle-flow-oriented, high-granularity calori-
meter is both challenging and necessary for the flavor
physics program, as photons and neutral pions are com-
mon decay products in many fundamental flavor physics
measurements. A benchmark analysis [32] of the meas-
urement of the standard CKM unitarity triangle angle «
via B’ — n°7° suggests an EM resolution of approxim-
ately O(3%/+E(GeV)) to fulfill the requirement of 3 &
separation between B® and B? with a 30 MeV B-meson
mass resolution.

Most flavor physics measurements at the CEPC will
involve hadronic events, particularly di-jet events at the Z
pole. It is essential to identify the origin of a jet, i.e., to
determine whether it originates from a quark, an anti-
quark, or even a gluon. The jet origin identification [33],
to a certain extent, shall be regarded as a natural exten-
sion of jet flavor tagging, quark-gluon jet separation, and
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jet charge measurements, which is indispensable in fla-
vor physics measurements such as CKM and CP viola-
tion measurements.

A successful flavor physics program also needs high
efficiency/purity PID. An efficient PID not only sup-
presses the combinatorial background, induced by misid-
entified particles, but also separates decays with similar
topologies in the final states, such as B}, - n*n~, B} —
K*K~, and B}, — K*n* [34]. A decent PID is also critic-
al for the jet origin identification [33, 35] and relevant
physics measurements such as the Higgs rare/exotic de-
cay measurement [33]. The benchmark analysis of B? —
#vv [36] shows that a relative uncertainty of BR(B? —
¢vv) less than 2% at a Tera-Z collider requires a 3 o
K*/n* separation for the identification of charged had-
rons, see the left panel of Fig. 3. This requirement can be
addressed by multiple PID technologies. For instance, the
CEPC CDR detector [2] can separate different species of
hadrons using dE/dx information measured by the time
projection chamber (TPC) and time-of-flight (TOF) in-
formation provided by either a dedicated TOF device, or
by combining TOF and EM calorimeter (ECAL) together.
The detector optimization study in Ref. [37] suggests that
dE/dx needs to reach 3% in combination with a TOF res-
olution of 50 ps to satisfy this PID requirement. In addi-
tion, the dN/dx cluster-counting method proposed by the
IDEA drift chamber [38] is promising to further improve
the PID performance.

A high-precision and low-material vertex system is
vital for the CEPC flavor physics program. Precise ver-
tex measurements provide pivotal information to distin-
guish the species of the initial quark that fragments into a
jet, namely the jet origin identification. Precise vertex in-
formation is also critical for determining the decay time
or lifetime of heavy-flavored hadrons with high precision.
To match the characteristic timescales such as those of
B — BY mixing (~ 56 fs), of D, decay (~ 500 fs), and of ¢

A B LA
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(color online) Multiplicities of different types of final state particles in Z — ¢z (91.2 GeV) and Z(— gg)H(— inclusive) (240

decay (~ 290 fs), the decay time resolution is required to
reach order O(10) fs. These accurate lifetime measure-
ments will also benefit flavor tagging and time-depend-
ent CP violation measurements. In addition, a high-per-
formance vertex system can provide a precise reconstruc-
tion of the secondary vertices that characterize some of
the heavy-flavored hadron decays, such as the example
shown in Fig. 4. Such a system can also help to suppress
the backgrounds, especially from the IP. One concrete ap-
plication can be the measurements of FCCC BR(H, —
H.tv;), where the reconstruction of the » hadron H, can
significantly rely on the determination of the decay ver-
tex of the charmed hadron H, and on the measurement of
the muon track originating from the r decay [39]. As
shown in the right panel of Fig. 3, the improved resolu-
tion of the vertex system can uniformly benefit these
measurements, yielding an improvement in precision of
0(10%) level.

The above-mentioned requirements are also highly
beneficial for the physics programs at higher center-of-
mass energies, i.e., the 160 GeV W*W~ threshold scan,
the 240 GeV Higgs run, and the 360 GeV top-pair opera-
tion. On top of their core physics programs, such as W
mass and precise Higgs/top properties measurements, the
data samples and key detector features also support an in-
tensive flavor physics program, see Sec. IX.

To address these physics requirements, intensive ef-
forts have been devoted to the detector conceptual design,
physics performance studies, and key technology R&D.
We refer to two benchmark detector concepts considered
in the CDR study [2]. These concepts are used in the sim-
ulations presented in this manuscript, providing refer-
ence performance for relevant physics potential studies.

The starting point of our discussion is the particle-
flow-oriented detector design in the CEPC CDR [2]. As
the majority of the full simulation studies use this detect-
or design, we will refer to it as the CDR detector for sim-
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plicity. Guided by the particle flow principle, the CDR
detector features a high-precision tracking system, a high-
granularity calorimeter system, and a high magnetic field.
As shown in detail in Fig. 5, from inside to outside, the
CDR detector consists of a silicon pixel vertex detector, a
silicon tracker, a TPC, a silicon-tungsten sampling EM
calorimeter (Si-W ECAL), a steel-glass Resistive Plate
Chambers (RPC) sampling hadronic calorimeter (SDHC-
AL), a superconducting solenoid magnet providing a
magnetic field of 2-3 Tesla, and a flux return yoke em-
bedded with a muon detector. Additionally, the Si-W
ECAL could also be instrumented with a few timing lay-
ers to enable TOF measurements with a precision of 50
ps or even better [2, 41].

Alongside the CDR detector, an alternative detector
concept known as IDEA [40] is also utilized in various
studies covered in this white paper. In comparison to the

(color online) Display of a Z — bb event with typical secondary vertices (SV).

CDR detector, the IDEA detector incorporates a dual
readout calorimeter system to attain superior energy res-
olution 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 offer-
ing a larger tracking volume. The overall structure of
both the detectors can be seen in Fig. 5.

By virtue of the PFA-oriented design, the CEPC CDR
detector performs well in efficient tracking, lepton identi-
fication, and precise reconstruction of hadronic systems.
These excellent features of the CEPC CDR detector
provide a solid basis for flavor physics studies. The ex-
pected performance of the CEPC CDR detector is sum-
marized in Table 4. Notably, the CDR tracking system
demonstrates an efficiency close to 90% and a relative
momentum resolution approaching O(10~%) for individu-
al tracks with momenta exceeding 1 GeV within the bar-
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Fig. 5. (color online) Schematic layouts of the CEPC CDR detector [2] (LEFT) and the IDEA detector [40] (RIGHT).
Table 4. Performance of the CEPC CDR detector and some suggested objectives.
Ttem CDR [2] 4™ concept [42] Comments
Basic Performance
Acceptance |cosf] < 0.99 [2]
Threshold 200 MeV [43, 44] 100 MeV For tracks & photons
Beam energy spread 0(0.1%) [2]
Tracker momentum resolution 0(0.1%) [2]
ECAL energy resolution 17%/ VEGeV)®1% [2] 3%/ VE(GeV) [32]
HCAL energy resolution 60%/ VE(GeV)® 1% [2] 30%/ VE(GeV) [45]
Vertex resolution 10-200 pm [2] 5-100 pm
Jet energy resolution 3%—-5% [2, 46] For 20-100 GeV
£—m mis-ID <1% [47] Injet, |7] > 2 GeV
m—K separation > 20 [2] > 30 [36] Injet, |71 > 1 GeV, TOF+dE/dx

Flavor Physics Benchmarks (Depending on the Above)

o(mu,wz) 3.7% [2]
b-jet efficiency x purity ~86% [33]
c-jet efficiency X purity ~64% [33]
b-jet charge tagging e = e(1 —2w)? ~37% [33]
c-jet charge tagging e = e(1 —2w)> ~58% [33]

270% [43]
60%-85% [48]
70% [49]
0(1%) [49]

7Y efficiency x purity
Kg , A\ efficiency
7 efficiency X purity

7 mis-ID

Hadronic decays
In Z hadronic decays

In Z hadronic decays

280% [32] In Z hadronic decays, |70] > 5 GeV

In Z hadronic decays, all tracks

In WW — 1vqq’, inclusive

In WW — 1vqq’, inclusive

rel region, as illustrated in Fig. 6. As depicted in left pan-
el of Fig. 7, the CDR photon energy resolution is 17% /
VE(GeV)®1%, achieved by the sampling Si-W ECAL,
which features the high granularity critical for particle
flow reconstruction. In terms of PID performance, the
CEPC CDR design achieves a K/r separation better than
2 ¢ in the momentum range up to 20 GeV by effectively
combining TOF and dE/dx information, as shown in Fig.
8. The inclusive Z — gg sample exhibits an overall K*
identification efficiency and purity exceeding 95% [37].

Regarding hadronic systems, the CEPC CDR detector at-
tains a boson mass resolution (BMR) better than 4% for
hadronically decaying W, Z, and Higgs bosons, as illus-
trated in right panel of Fig. 7. This not only enables a sep-
aration exceeding 2 ¢ between W and Z bosons in their
hadronic decays, but also enhances the precision of miss-
ing energy/momentum measurements, which are vital for
flavor physics investigations.

After the release of the CEPC CDR, intensive detect-
or R&D efforts continue to address the CEPC physics re-
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vvH, H — gg events [46].

quirements. These efforts have led to the development of
the 4" detector concept [42], which demonstrates signi-
ficant improvements in EM energy resolution, intrinsic
hadronic energy resolution, PID performance, and the
vertexing. The 4" detector concept employs a PFA-com-
patible homogeneous crystal ECAL to enhance the EM
resolution, achieving an energy resolution of 3%/
VE(GeV)®1% (see the comparison in the left panel of
Fig. 7). This resolution is crucial for the separation of B°
and B° that decay into EM final states [32]. It utilizes
high-density glass-scintillator HCAL, which can improve
the hadronic energy resolution by nearly a factor of two,
consequently enhancing the BMR [45]. The 4* detector
also features a pixelated TPC that provides precise dE/dx
[37, 50] or dN/dx [38] measurements, both of which are
critical for PID. Furthermore, the 4 detector concept in-

corporates a vertex detector with stitching technology
[51], which has significantly lower material budget.
Another significant advancement is in the jet charge
measurement. The performance of jet charge measure-
ment is typically characterized by the effective tagging
efficiency (power) € = €,(1 —2w)%, where &, is the fla-
vor tagging efficiency and w is the wrong tag fraction.
The study [35] develops a Leading Particle Jet Charge
method (LPJC) and combines it with a Weighted Jet
Charge (WJC) method to form a Heavy Flavor Jet Charge
method (HFJC). This study evaluates the effective tag-
ging power for ¢/b jets at the CEPC Z pole and finds it to
be 39%/20%, respectively. Additionally, by implement-
ing benchmark impact parameter cuts of 0.02/0.04 mm to
distinguish the origin of the leading charged particle
(whether from the decay of the leading heavy hadron or
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QCD fragmentation), the effective tagging power for c¢/b
jets was found to be 39%/27%. Furthermore, a dedicated
b-jet charge tagging algorithm developed specifically for
the study of B — J/y¢ at the CEPC [52] achieved an ef-
fective tagging power of 20%.

Recently, the idea of jet origin identification has been
proposed. This idea aims at simultaneously identifying
jets originating from eleven different colored particle spe-
cies of the SM, namely five types of quarks (v, d, s, c, b),
their corresponding anti-quarks, and gluons. The jet ori-
gin identification combines the concepts of jet flavor tag-
ging, jet charge measurement, strange jet and gluon jet
identification together. The idea of jet origin identifica-
tion is then realized at the full simulated data of the
CEPC CDR detector and using state-of-the-art recon-
struction tools, including the Arbor particle flow recon-
struction and the ParticleNet algorithm [53], which simul-
taneously reaches jet flavor tagging efficiencies of 92%,
79%, 67%, 37%, and 41% and jet charge flip rates of
18%, 7%, 15%, 15%, and 19% for b, c, s, u, and d quarks,
respectively, and meanwhile it could deliver a gluon jet
identification efficiency of 66% [33], see Fig. 9. These
performances infer an effective tagging power of 37%/
58% for b/c-jets, respectively, see Table 4.

The jet origin identification has significant impact on
many physics measurements at the future electron-
positron Higgs factories. For instance, the rare and exotic
hadronic Higgs boson decays (see Sec. IX.B), the determ-
ination of CKM matrix elements directly from W boson
decays (see Sec. IX.A), the time-dependent CP measure-
ments, the measurements of weak mixing angle, the dif-
ferential measurements with multi-jet final states, etc.

C. Simulation method

To explore the flavor physics potential of the CEPC,
various benchmark analyses that have been evaluated at
the simulation level are covered in this manuscript. Many
of them are performed in the CEPC official software
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(color online) Separation power of K/x (LEFT) and K/p (RIGHT) using different techniques [37].

framework, illustrated in Fig. 10, with full simulation and
reconstruction of the CEPC CDR detector. Limited by the
available computing resource, a dataset of O(10°) gener-
ator level inclusive Z — ¢g events is generated for the
physics potential studies at Tera-Z. Since the full simula-
tion of the whole dataset is computationally expensive
and time-consuming, pre-selections are generally applied
to refine the dataset into core subsets. The analysis of
B. — 1v,. in Sec. III, the study of B? — ¢v¥ in Sec. IV,
and the ¢, measurement via B — J/y¢ in Sec. V are
three typical examples.

For some studies, especially those that are oriented to-
wards phenomenology and detector requirements, fast
simulation is usually adopted. Based on the understand-
ing of detector responses and validated by the full simula-
tion results, key detector performance is parameterized
and modeled, and its effect on final physics observables
is evaluated accordingly. This evaluation is used in stud-
ies such as the measurement of the a angle via B, — nn
channels discussed in Section V. In this way, we can in-
vestigate the whole parameter space as much as possible
with fast convergence.

To make the physics picture complete, we also list
many benchmarks that have not been fully explored via
simulation, but via first principle estimation, such as 7 rel-
evant studies in Sec. VII and exclusive hadronic Z de-
cays in Sec. VIIL.B.

III. FCCC SEMILEPTONIC AND LEPTONIC
b-HADRON DECAYS

Historically, § decays, probably the best-known FC-
CC processes, have resulted in the discovery of weak in-
teractions. While sensitivities to heavy-flavored leptonic
and semileptonic FCCC decays in ongoing experiments
are relatively limited, their explorations will continue to
be significant for flavor physics in the CEPC era. Firstly,
measuring the signal rates of these channels can be used
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(color online) Jet origin identification performance [33] of full simulated Higgs/Z to di-jet processes with CEPC conceptual

detector. LEFT: The confusion matrix M;; with perfect identification of leptons and charged hadrons. RIGHT: Jet flavor tagging effi-

ciency and charge flip rates for quark jets with different scenarios of particle identification: with only lepton identification, plus identi-

fication of charged hadrons, plus identification of neutral kaons.
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to determine the values of the CKM matrix elements such
as V,, and V,;, [55]. Moreover, by performing these meas-
urements, one can test lepton flavor universality (LFU),
one of the most important predictions of the SM, see
Refs. [56—59] for reviews. So the FCCC measurements
can be an efficient way to probe NP that couples to
leptons family-dependently. For instance, given a relat-
ive deviation Js;. in the signal rate from the SM predic-
tion, the energy scale probed can reach

_1
ASE ~ (GelVipldsL) 2 ~ (1.5 TeV) X 5 (1)

for b — ¢ty transitions and

Simulation

Physics
Parameters

A

Physics Object

| <>

» Reconstructed
Particle

Tracks & calorimeter hits

-—> Detector Hits

(color online) The CEPC official software chain and analysis flow [54]. More detailed information can be found in the CEPC

_1
AL ~ (GelVil6s1) ™2 ~ (5 TeV) X 55 )

for b — ulv transitions. Notice that here the NP effective
interactions have been assumed to be agnostic w.r.t. the
SM flavor structure and have a strength of O(1).

The operation of the CEPC at the Z pole enables the
detector to access a full spectrum of » hadrons with high
statistics, including multiple heavy-flavored mesons like
B. and baryons like A,, which are b-hadrons not access-
ible or planned to produce at B-factories. Measuring their
(semi)leptonic decays would cross-validate our current
understanding of FCCCs and further reveal hitherto unex-
plored physics. Particularly interesting among the list of
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expected measurements are the ones involving 7 decays.
These measurements are crucial for, inter alia, achieving
a full test of LFU. However the multi-body decays of
leptons complicate the event topology and kinematics.
Even worse, the signature of neutrinos as missing mo-
mentum is hardly accessible at hadron colliders. The
event reconstruction thus becomes a challenging task. In
contrast, the reconstruction of these events including the ¢
leptons and other particles may greatly benefit from the
excellent collider environment of the CEPC and the high-
performance of its detector. These measurements thus
define one of the "golden" channels for flavor physics at
the CEPC.

The above discussion can also be applied to the meas-
urement of FCNC processes. Since such processes are
forbidden at tree level and suppressed at loop level in the
SM, these channels are capable of probing NP (see de-
tailed discussions in Sec. IV). The results obtained from
both classes of measurements can be interpreted in vari-
ous NP models. In a simplified NP model, these pro-
cesses can arise from either colorless or colored mediat-
ors. The simplest colorless example might be a family
non-universal Z’ boson with off-diagonal couplings to
both quarks and leptons, thus yielding FCNC processes,
see, e.g., [60—64]. This setup can be extended to a frame-
work with an extra S U(2) gauge triplet, where the addi-
tional " gauge bosons will contribute to the FCCC pro-
cesses [65]. Another example is provided by leptoquarks,
namely scalar or vector bosons that couple to quarks and
leptons simultaneously and therefore carry color.
Leptoquarks are predicted by a wide range of ultraviolet
(UV) theories such as grand unified theories, supersym-
metry, composite Higgs models, etc. — for a review see
Ref. [66]. Such interpretations are model-dependent, and
hence often limited in their applicability.

Alternatively, one can interpret the results in an Ef-
fective Field Theory (EFT) framework. The EFT is usu-
ally defined to parameterize the NP effects by integrating
out the short distance physics. As a manifestation of
physics at a low energy scale, the EFT is insensitive to
the concrete format of UV physics. Here, let us consider
the low-energy EFT (LEFT) [67] with a natural cutoff at
the EW-breaking scale. For b — ¢{v transitions, we have
the dimension-6 LEFT Hamiltonian

c Vr
Fig. 11.

G :ﬁ

—ely VC C,‘Oi +h.c. ,
B =5 bZ 3)

where O; denote the left(right)-handed scalar, vector, and
tensor operators, namely

Osyi) = (EPL(R)b)(EPLV),
Ovyw = (EV#PL(R)b)(ZYHPLV),
Or = (€ b)(to,, PLy), 4)

and C; represent the corresponding Wilson coefficients.
The SM can only contribute to Cy, via the exchange of a
W boson. Any deviation from this prediction will indic-
ate the presence of NP, and the specific pattern of such
deviation will carry crucial information on the nature of
the underlying NP sector.

A. Leptonic modes

One important case regarding the b — c{v transitions
is the leptonic decay of B, — v (¢ =u,c). As shown in
Fig. 11, this decay mode is sensitive to the axial vector
(Cy, —Cy,) and pseudoscalar (Cs, —Cs,) Wilson coeffi-
cients, with the branching ratio (BR) given by

BR(B; — 1'v,) = Tp;

G%Iqulzfgsz;mf | 2\
8

m2+

X1+ (Cy, = Cy,)—

(Cs, = Cs,)| %)

;
m, (m;, + mq)

where G is the Fermi constant, m, is the mass of the ¢
lepton, and Mg, T and I8 denote the B; mass, lifetime
and decay constant, respectively. The SM prediction for
the BR of the decay B. — tv is rather large, ~2.3x 1072
[69], but the current constraint is relatively weak,
BR(B. — 1v) $30%. Detailed studies indicate that a Tera-
Z factory can measure this BR with a precision of O(107%)
[68—70]. Specifically, the CEPC study in Ref. [68] em-
ploys a full simulation and incorporates leptonic 7 decays
7 — ¢*vv. The major features that differentiate B} from
B! stem from their differing lifetimes and hadrons associ-
ated with their hadronization. As illustrated by Fig. 12, a
measurement of the rate of B, — v with a relative preci-

b Tt
Bf{ Ogsm

c Uy

(color online) Illustrative Feynman diagrams for the decay B} — v*v.. LEFT: SM example. RIGHT: BSM example.
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Fig. 12.  (color online) Relative precision of measuring the

B, — v rate at the CEPC Tera-Z, as a function of Rp /5=
N(Bf - 1v)/N(B* - 7v) [68]. Here the red band denotes the

SM prediction for Rp, /5.

sion ~0(1%) can be achieved at the Tera-Z run of the
CEPC. The study in Ref. [69] instead focuses on the 3-
prong v decay, namely 7* — n*z*n*v. Within the con-
sidered analysis scenarios, the expected precision of the
measurements of the rates ranges from 1.6% to 2.3% for
B! — t*y, and from 1.8% to 3.6% for B* — t*v,.

Within the SM, Eq. (5) can be further used to extract
the |V,,| value by measuring the B, — v decay rates [69].
Such a determination depends on precise inputs on the
decay constants of the B, mesons fp: as well as their pro-
duction fractions. Currently, the relative precision is
~0.7% for fg: [71] and ~4.6% for fz+ [72], which could
be improved in the coming decade. The B* production
fraction is known with a precision ~2% [10] and could be
significantly improved in the CEPC era due to the abund-
ant Z— bb data. As for the B production fraction,
however, no information is available from any existing
measurements or future projections.

With the high precision measurement of BR(B* —
T*v,) expected at Tera-Z factories [68, 69] and the theor-
etical uncertainties described above, we expect that the
|V.s| value can be determined with a relative precision of
1% or better. In comparison, the Belle II experiment is
expected to perform a similar determination with a relat-
ive precision of 2%—3% employing the full integrated lu-
minosity [7]. Notably, these measurements may cast new
insights on the long-standing discrepancy of more than
30 between the inclusive and exclusive determinations of
V.| [10, 73-76]. "

B. Semileptonic modes

The semileptonic decays induced by the b — clv
transitions are often applied for the test of LFU. The LFU

is predicted in the SM, because all three lepton families
possess the same gauge charges. Consequently, any dif-
ferences in decays involving different leptons can only
arise from the Yukawa sector, in addition to any vari-
ations due to phase space. To highlight the special role of
7 flavor, we introduce

R = BR(H, — H.1v;)
"™ BR(H, — H.C'v,)

(6)

as an indicator for the LFU, where H,,, represents a b(c)-
hadron, and ¢ = e,u unless stated otherwise. Such an ob-
servable can be also defined for the decays of B. — 1v;,
and B. — {'vy. For these observables, the systematics,
such as the uncertainties from the CKM matrix elements
and form factors, largely cancel. As an illustration, we
show the Feynman diagrams for the SM and BSM contri-
butions to the H, — H.{*v, transitions in Fig. 13.

For the test of LFU at the Z pole, a variety of Ry, ob-
servables (Rp,, Rp:, Ry, and R, ) have been recently in-
vestigated employing the fast simulation template of the
CEPC [39]. The relative precisions that can be achieved,
considering statistical errors only, are summarized in
Table 5. Systematics in the Ry, measurements, as men-
tioned before, are expected to cancel largely since Ry, de-
notes a ratio of two aligned measurements. This study in-
dicates that at CEPC, a relative precision of <3% for
Ry, as well as $0.2% and ~0.05% for R« and R,,, re-
spectively, could be reached. Due to the éomplex topo-
logy and dynamics, these outcomes rely heavily on a ver-
tex-based strategy for event reconstruction. They would
benefit from a higher detector performance in general.
Concretely, the R;,, measurement benefits the most from
the improvement of tracker resolution, (see right panel of
Fig. 3 also), in reconstructing the B vertex as well as in
identifying the J/y one, while the R, measurements
gain more from the increase of soft pho%on identification
efficiency in distinguishing the D and D, modes via the
decay D* — Dyy.

Note that these measurements cover a variety of
b — ctv transitions: such as the ones from pseudoscalar
(B;.) to vector (D%, J/y) or pseudoscalar (Dy); those
from baryon (A;) to another baryon (A.); and the decays
of a pseudoscalar (B.)to a pair of fermions. Con-
sequently, they can be employed to constrain different
LEFT operators that can induce b — ctv transitions. Fol-
lowing the approach in Ref. [39], we present in Fig. 14
the marginalized constraints on the Wilson coefficients of
b — ctv LEFT at the CEPC, based on the results of [39,
68]. In this context, these Wilson coefficients can be uni-
versally constrained to a level of O(107%).?

1) Constraints on |Vp| can also be obtained from # hadronic decays, where the W bosons are produced at the W threshold or Higgs factory runs. See Section IX.A

for details.

2) In this analysis, the operator Oy, has been turned off, as it cannot be generated by UV physics respecting the S U(2); gauge symmetry at a dimension-6 level.
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Table 5. SM predictions for the Ry, observables and relat-

ive precision for their measurements at 4 Tera-Z, considering
statistical uncertainties only [39].

Ru. SM Value 4 Tera-Z
Ry 0.289 2.1x1072
Rp, 0.393 2.1x1073
Rp; 0.303 1.6x 1073
Ra. 0.334 49%10™
0.004
[l CEPC (10)
0.003 CEPC (20)
0.002
0.001
0.000 - I I =
—0.001]
—0.002]
—0.003]
o004 e o1 o= o
Fig. 14. (color online) Marginalized constraints on the

Wilson coefficients of b»— crv LEFT at the CEPC, with
6Cy, =Cy, —6CY, - This plot is taken from Ref. [39].

Additionally, several unexplored topics of FCCC
physics deserve attention. Firstly, in view of the scientif-
ic significance of testing LFU, it is necessary to establish
the CEPC sensitivity for a full list of Ry, measurements
including the traditional Rp and Rp-, higher-resonant R .
[77], remaining baryonic modes such as Rz,, etc., and
their corresponding differential measurements. Also, to
provide an LFU test for all three generations, it is natural
to extend studies to the measurement of BR(b — cuv)/
BR(b — cev), where it is crucial to reduce the systematics
to a level comparable to the statistical errors. The relev-
ant benchmark channels that can be investigated at CEPC
are listed in Table 6. Secondly, the superior precision of
measuring the B meson flight distance at the CEPC cre-
ates a new opportunity for the measurement of time-de-
pendent CP-violation in semileptonic b — cfv decays.
With this approach, the CP-violating markers in B, — B,
mixing, which are encoded as A¢ and A [78, 79] re-
spectively, can be extracted by measuring the B° and B°
decays. As these measurements can contribute signific-
antly to the global constraints on the parameters § and 8,
[80, 81], where the current experimental precision re-

Uy
o+
. OBsm B
¢
H, H,
q > q

Illustrative Feynman diagrams for the transition H, — H.¢*v,. LEFT: SM example. RIGHT: BSM example.

Table 6. List of benchmark FCCC semileptonic and lepton-
ic b-decay channels that can be investigated at CEPC.

Process Observable

b—cly R (Ryjys R RA,)

B. -1y [Venl

B—1v [Vipl

mains far from the SM predictions, it is of high value to
perform a more dedicated sensitivity analysis with either
fast or full simulations.

IV. FCNC b-HADRON DECAYS

FCNC transitions are prohibited at tree level in the
SM. While being enabled by EW penguin or box dia-
grams (see Fig. 15), these transitions are subject to a joint
suppression by off-diagonal CKM matrix elements and
loop factors, and thus are rare. Because of this feature, the
FCNC processes emerge uniquely sensitive to weak NP
effects that may otherwise evade detection. Given a relat-
ive deviation of .. in signal rate from the SM predic-
tion, the energy scale probed can reach [82]

2

rare o m * _% =
ANP ~ (E miévGFWfb st|6rare) ~ (30 TCV) X 6ra?e (7)

and

2

rare a m * B -3
ANP ~ (EmiévGF'Vth th|6rare> T~ (67 TCV) X(sra?e (8)

for the b — s and b — d transitions, respectively. Not-
ably, while the FCNC processes are rarer than the FCCC
ones in the SM, AJjy can be comparable to, or even high-
er than, ASL as long as 0 < 10055, is achieved.

Similar to the b — cfv transitions investigated in Sec-
tion III, we have the dimension-6 LEFT Hamiltonian to
parametrize the b — s transitions:

4GF .

Hil = =~ VaVig- ) (C0;+C0)
V2 4 7
+(CL0L+CROR)+h.C., (9)
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Fig. 15.  (color online) Illustrative Feynman diagrams for the transition H, — H¢*¢~. UPPER: SM examples. BOTTOM: BSM ex-
amples.

where the operators of interest include

0 = my(5Pr,b)(L),

0y = my(5Pruyb)(EY’0),

05" = (37" Prayb)(Ey,l),

01 = Y P )8y, 0),
Orrs) = (gg-#vb)(fo—”"(f)f),

h_ L
0(7) = ;mb(SO'”VPR(L)b)FHV,

Ovw) = (5 PrLyb)(7y, PLv). (10)

Among these operators, the first five encode the scal-
ar-, vector-, and tensor-mediated b — s transitions with a
pair of charged leptons and may violate LFU. The pres-
ence and absence of a "prime" denote the b — s currents
which are subject to the left- and right-handed chiral pro-
jections respectively, while the opposite convention ap-
plies to the dipole operators OY. Oy encodes the vec-
tor-mediated b — s transitions with a pair of neutrinos.
0Y is an EM dipole operator which can either yield de-
cays with an on-shell photon or mediate b — sf¢ trans-
itions (see the bottom left panel in Fig. 15). Note that,
when the strange-quark and lepton masses are neglected,
the SM contributes to Og, Oy, O; and O; only.

In this section, we will mostly focus on the measure-
ments of b — str, b — svv and b — sy transitions. The
CEPC offers a great platform for these studies, particu-
larly during its Z pole run. The extraordinarily high lu-
minosity delivered by the CEPC ensures considerable sig-
nal statistics for even the most elusive decay modes with
BRs typically < 107°. Moreover, as compared to the LH-
Cb detector, the planned detectors of the CEPC are better
suited for the reconstruction of 7 leptons and thus the

measurement of b — str, for the measurement of miss-
ing energy and hence of b — svv, and for photon identi-
fication as needed for the measurement of b — sy. A
combination of these advantages yields an enhanced sens-
itivity for both testing the SM and probing NP effects.
The CEPC thus represents an ideal facility for investigat-
ing these rare FCNC decays and the underlying physics.
It is worth noting that both b — svv and, especially,
b — st transitions, for which we have very poor experi-
mental information so far, are extremely sensitive to test
a wide class of motivated NP models with new dynamics
coupled mainly to the third generation [83, 84]. For the
convenience of the discussion below, we summarize the
projected sensitivities to » — st and b — svv transitions,
together with the b — c7v processes discussed in Section
III, in Fig. 16. At the end of this section, we will extend
the discussions to the possibilities of testing the SM glob-
al symmetries with forbidden h-hadron decays.

A. Di-lepton modes

In general, the reconstruction of b — st7 is more in-
volved compared to the reconstruction of b — see, suu.
As the 7 decays result in neutrino production, the b — str
events are not fully visible to a detector. This difficulty,
however, can be well-addressed at a machine like the
CEPC. In a recent study [85] (for discussions on B’ —
K977 1*, also see [88]), the sensitivity for measuring a set
of benchmark b — str transitions, including B’ —
K%t 1", B > ¢, Bt > K*7t* and B® - 77 7%, at the
Z pole has been systematically analyzed. To utilize the
machine's capability, a tracker-based scheme to recon-
struct the signal B mesons that works for these b — st7
channels has been developed, achieved by using the de-
cay modes of 7* — m*x*n*v. Such a tracker-based scheme
also benefits from the particle kinematics at the Z pole.
Due to their boost, the signal » hadrons tend to travel fur-
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ST

(color online) Projected sensitivities of measuring the b — str [85], b — svv [36, 86] and b — c7v [39, 68] transitions at the Z

BO-KvD

pole. The sensitivities at Belle II @ 50 ab™! [7, 87] and LHCb Upgrade 11 [19, 57] have also been provided as a reference. Note that
LHCb sensitivities are generated by combining the analyses of 7+ — 2*7 72~ (z°)v and t — uvv. This plot is taken from Ref. [39], with

additional » — sv# modes included.

ther (compared to, e.g., Belle II) before their decay,
which benefits the relevant tracking measurements. The
predominant backgrounds for these measurements are the
Cabibbo-favored b — c+X processes. Recall that both
D* and D* mesons have masses and lifetimes compar-
able to those of 7 leptons and thus may decay to a vertex
of n*n*n* with extra particles. Therefore, they can fake
the 7 leptons in the signal. In Fig. 17 we demonstrate the
mass reconstruction for the signal b-mesons in the meas-
urements of B — K*%7r and B* — K*t™r* at the Z pole.
These two channels involve the decay of h-mesons into
vector and pseudoscalar mesons respectively. They are
sensitive to the LEFT in approximately orthogonal ways
and thus are complementary in probing NP [85].

As illustrated in Fig. 16, the Tera-Z and 10xTera-Z
machines would be able to measure the BRs of B’ —
K%t 1%, B - ¢v 7" and B* — K*v~t* with an absolute
precision of O(1077-107%), as well as BR(B? — 777%)
with an absolute precision of O(107¢ — 1073). In comparis-
on, Belle IT and LHCD either have no sensitivity to these
measurements or can only yield a sensitivity that is one to
two orders of magnitude weaker. With the baseline lu-
minosity, this indicates that the CEPC will be able to
identify ~O(1) deviations from the SM predictions and
further probe the » — st LEFT operators. Fig. 18 shows
the marginalized constraints on the corresponding Wilson
coefficients in the presence of the vector-mediated oper-
ators only.

In spite of this progress, the study of FCNC b rare de-
cays at CEPC should be extended in multiple directions.
Firstly, the CEPC constraints on the LEFT operators in
Eq. (9) should be improved. Currently, the sensitivity to
BR(B; — 77 1*) is too weak to probe unconstrained LEFT
parameter space. BR(B° — K*t~t*) and BR(B? — ¢771+)
are both pseudoscalar to vector transitions and have a
similar dependence on the NP parameters. To improve
the constraints on the relevant LEFT coefficients, one can
consider: (i) introducing differential observables, such as
forward-backward asymmetry and t polarimetry [88]; and
(i1) incorporating b — str transitions of different nature,
such as the baryonic decay A, — Ar 7". Interestingly,

within the context of an SU(2),-invariant EFT, sizable
NP contributions to the b — st transitions are often ac-
companied with large effects on the left-handed vector
current NP operators that contribute to the LFU observ-
ables Ry, which currently exhibit some tension with the
SM predictions [89, 90].

A second area of improvement would be to advance
the study on LFU tests at the CEPC. The CEPC analysis
in Ref. [85] focuses on the di-t mode of b — s transitions.
To paint a full picture in this context, it is of high value to
extend the analysis to b — s¢f. The measurements of,
eg., RK(»«), RPK [91], R¢ [92], Rf2'(1525) [92] and even RA
could provide important insights regarding LFU. For
some of these measurements, the systematic uncertain-
ties induced by PID could be dominant. The superior
electron- and muon-ID capabilities of future detectors are
anticipated to offer an edge over LHCb. Notably, the Iu-
minosity advantage of the CEPC in measuring the
b — st transitions could be extended to ultra-rare chan-
nels such as B? — u*u~. The measurement of BR(B? —
ptuo) in the SM is known to be statistically limited, due
to its tiny value of around ~ 3.0x 10™° [93]. With a yield
of ~1.2x10" for BY mesons at the CEPC, about 360
B® - ptu~ events are expected to be produced, which
provides a good opportunity to improve the precision of
its measurements.

Finally, sensitivity studies should be extended to
b — d{+¢ transitions at the CEPC. The b — d¢*¢ trans-
itions represent another independent category of FCNC
rare b-decays, and hence play a role complementary to
the b — s¢*¢ transitions in exploring flavor physics. The
measurements of these channels including both signal
rate and CP violation [94, 95] may share difficulties sim-
ilar to those of b — s¢*¢~ decays, and hence would im-
pose similar requirements for the detector performance at
the CEPC. All of these issues deserve further detailed ex-
aminations.

B. Neutrino modes

The b — svy decay is immune to non-factorizable
charm-loop corrections and photonic-penguin contribu-
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Fig. 18. (color online) Marginalized constraints on the
Wilson coefficients of b — st LEFT (vector current only) at
the CEPC, with 6C7 = Cj -Cism and 6Cj, = CJ, ~Closm- This
plot is adapted from Ref. [85].

tions. Therefore, the theoretical calculation for its SM
rate is cleaner than that for the b — s£¢ transitions, which
yields BR(B" = ¢v¥)sy = (9.93+£0.72)x 10¢ [36]. The
b — svv decay can be used to probe light dark sectors,
such as dark photons, sterile neutrinos, axions/axion-like-
particles (ALPs), or neutral scalars, which may signific-
antly alter the kinematics of visible particles [96—98], (for
discussions on the light dark sectors at CEPC, also see
Sec. XI). Also, due to the constraints of electroweak
gauge symmetry, the impacts of NP on the b — svy and
b — st*¢~ decays could be interconnected. Thus, the
measurement of b — svv offers a complementary probe to
look into the underlying physics [83, 99].

A dedicated study of the B? — ¢vv decay (see Fig. 19)
at the Z pole has been conducted, using full simulation
samples aligned with the CEPC detector profile [36]. This
study, facilitated by the large BY statistics at the CEPC
(see Table 2), suggests that a precise measurement of
such a rare decay is possible. Explicitly, the accurate ¢
and B° reconstructions in this analysis reduce the Z — gg
events by a factor ~O(107%), with a signal efficiency
~3%, leaving primarily the Z — bb events as the back-
grounds. As a result, a relative precision <$2% can be
achieved for measuring the SM B? — ¢vv signal, as
shown in the left panel of Fig. 20. Particularly, with a

high signal-to-background ratio of ~77%, the robustness
of this measurement against potential systematic uncer-
tainties is largely assured. This study has also shown that
the constraints obtained from this measurement can con-
tribute pivotally to the global determination of NP effects,
e.g., the ones encoded in the LEFT, (see the right panel of
Fig. 20).

In addition to the B — ¢vv decay, there exist a set of
other physics processes that can be applied to study the
b — svv transitions at the CEPC, for example B* — K*vv,
B* — K*vv, and B® — K*v¥. Interestingly, the Belle 11
collaboration has recently performed a search for the rare
B* — K*vv decay using an inclusive tagging approach,
and obtained a branching fraction of (2.7+0.7)x 107
[100], with a significance of 3.5 standard deviation with
respect to the background-only hypothesis. This measure-
ment also shows a 2.9 standard deviation departure from
the SM expectation [101, 102]. The expected precision of
the branching ratios for B — K®v¥ with 50ab™"' by com-
bining the charged and neutral B decay modes are of the
order of 10% [87]. Yet, by leveraging its advantages in
reconstructing the missing energy and producing the b-
hadrons, the CEPC may push this precision to a much
higher level. Such expectations have been confirmed by a
recent study at FCC-ee [86].

Furthermore, probes of other decay modes involving
long-lived s-hadrons, such as B — K9vv, A, — Avv and
E; — E*vv could also help pin down the b — sv¥ trans-
ition. The decays of the intermediate neutral particles in
general give rise to vertices with a displacement of O(10)
cm. Therefore the precision of these channels highly de-
pends on the reconstruction and resolution of these signi-
ficantly displaced vertices. From a preliminary estimate
[103], it is possible to achieve an 80% reconstruction effi-
ciency for the K? and A vertices at a CEPC environment,
opening up the opportunity to perform a combined con-
straint of bsvv effective interactions with all the afore-
mentioned decay modes. In particular, the baryonic pro-
cesses such as A, —» Avy and E; — E*vy are unique op-
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(color online) LEFT: Relative precision for measuring the signal strength of B? — ¢vv at Tera-Z, as a function of its BR.

RIGHT: Constraints on the LEFT coefficients CN? = ¢, - C?M and Cy with the measurements of the overall B — ¢vv decay rate (green
band) and the ¢ polarization F, (orange regions). These plots are taken from Ref. [36].

portunities at the CEPC as they are above the production
threshold of the Belle II experiment. Since form factors
of these baryonic modes are different from those of the
mesonic modes, studies of these channels will bring inde-
pendent information to understand the dynamics underly-
ing the b — svv transition in a global fit.

C. Radiative modes

The third category of FCNC rare B decays consists of
radiative ones, such as b — sy,dy. These modes are sens-
itive to the EM dipole operators O; and 0. A wealth of
data, including the inclusive B — X,y decays, as well as
the direct CP violation Acp and time-dependent CP viola-
tion Scp in various b — sy decays, has yielded comple-
mentary insights into the corresponding Wilson coeffi-
cients C; and C;. At the CEPC, however, the reach for
FCNC radiative modes is yet to be fully explored, des-
pite their scientific significance [104]. One such example
is the B° - ¢(— K*K")y decay, illustrated in Fig. 21.
Achieving a high accuracy in reconstructing the signal B°
meson necessitates superior photon angular and energy
resolution. For the LHCb Upgrade 11, it was found that
BR(B? — ¢y) could be measured with a statistical uncer-
tainty ~0.1%, and the CP parameters can also be well
measured [19, 105]. These sensitivities are expected to be
further improved at the CEPC due to the potentially high
performance of its ECAL. This study can be extended to
baryonic radiative decays of the b — sy type, such as
Ay = Ay and E, — Zy, again with an expected sensitiv-

ity better than the LHCb [106]. The study can also be ex-
tended to b — dy decays, which can broaden our under-
standing of the FCNC transition amplitudes and poten-
tially refine the CKM matrix determinations. Finally, if
the ECAL of the CEPC allows an efficient reconstruction
of 7%, — yy [32], the double-radiative decays of B, —
vy could be measured [107]. Theoretical studies show
that the Aqcp/my, power corrections in these channels are
well under control, making them new benchmark probes
of non-standard dynamics [108, 109]. The SM predic-
tions for their BRs are given by [108, 109]

BR(B’ = yy) = 3.8"))x 107,
BR(B" — yy) = (1.97 1) x 1078 (11)

Belle II has assessed its sensitivities to be respect-
ively ~23% and ~10% [7] relative to the theoretical es-
timates in Ref. [110] that, we notice, are a factor of few
larger than those provided above. Recently, an analysis
combining the Belle and available Belle 11 data sets an
upper limit of BR(B? — yy) < 6.4x107% at 90% confid-
ence level [111].

D. Tests of SM global symmetries

An important class of observables include »-hadron
decays that are forbidden because of the global symmet-
ries of the SM. Aside from gauge symmetries, the SM re-
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spects or approximately respects a series of global sym-
metries, yielding, at different levels, the conservation of
lepton family numbers, lepton and baryon numbers. The
only-known breaking effects for these symmetries are
highly suppressed in collider environments: lepton fam-
ily numbers in the charged lepton sector are only viol-
ated through neutrino mixing and thus suppressed by the
small neutrino mass differences; lepton and baryon num-
bers are only violated by the non-perturbative SU(2),
sphaleron which breaks both the lepton number and bary-
on number but conserves their difference exactly. The ob-
servation of Lepton Flavor Violation (LFV) in the
charged lepton sector, as well as Lepton Number Viola-
tion (LNV), Baryon Number Violation (BNV) in any per-
turbative processes thus would be an indisputable evid-
ence for BSM physics. Interestingly, LFV and LFU viola-
tion (LFUV) receive contributions respectively from the
flavor off-diagonal and diagonal components of the same
classes of EFT operators and thus are often correlated in
UV-complete NP models. The modes that are forbidden
in the SM often yield striking signals that are dramatic-
ally distinct from the background events. Just like the
LFU tests, the CEPC with its large statistics and clean en-
vironment can play a significant role in examining these
global symmetries.

Some of the FCNC studies presented in previous sub-
sections can be extended to the null tests of SM global
symmetries, in a straightforward way. For example, one
can investigate the LFV effects in the b-hadron decays
[112], such as H, — H,,t¢, where ¢ denotes an electron
or a muon. These decays are significant for testing cur-
rent anomalies in semi-leptonic b-hadron decays [89]
and, more in general, heavy NP coupling preferably to the
third generation [83, 84]. In the past, experimental ef-
forts have primarily focused on the modes B* — K*t¢,
yielding O(107%) upper limits on their branching ratios
[113, 114]. Topological reconstruction techniques, em-
ploying a fast parametric simulation with momentum re-
construction resolutions and vertex detector performance,
have been implemented to simulate LFV signal events for
B — K*%ut as well. Initial explorations have demon-
strated the detector requirements, offering guidance for
future design and optimization goals for the vertex detect-
or of the CEPC. As for LFV two-body decays, prelimin-
ary studies have shown that-while the CEPC constraints
on the decays such as B, — u*e* and B{,) — *u* can at

_ Opsm B
b S
¢

S > S

(color online) Ilustrative Feynman diagrams for the decay B — ¢y. LEFT: SM example. RIGHT: BSM example.

most match the LHCb sensitivity [19] — an improvement
in the sensitivity to Bf,) — 7*¢* could be achieved at the
CEPC due to the expected excellent electron identifica-
tion.

The CEPC also provides a platform for testing LNV
and BNV in b-hadron decays. For instance, LNV can be
tested by measuring the same-sign di-lepton decay B* —
7 (K-)¢*¢*, where the sensitivities are primarily influ-
enced by statistics and lepton charge identification. Un-
like the LHCb analysis which has focused on the di-muon
mode [115, 116], the CEPC may have a good sensitivity
for the same-sign di-electron mode also, given its low
misidentification rates for electrons. The BNV measure-
ments may feature the signals such as forbidden baryon-
antibaryon oscillations [117] and explicit BNV decays.
One example in the latter case is A) — h~(h°)¢*, which
arise from the dimension-6 BNV operators gq’'q”¢ where
B—L is conserved.

Interestingly, BNV is one of the three Sakharov con-
ditions [118] required for dynamically generating the ba-
ryon asymmetry of the Universe (BAU). Hence, the
measurement of BNV modes may provide valuable clues
for resolving this long-standing cosmological puzzle. For
example, introducing a dark matter candidate carrying ba-
ryon number, the B-mesogenesis model [119] predicts the
BNV separately in the visible sector and dark matter sec-
tor, simultaneously achieving baryogenesis and the cor-
rect dark matter relic abundance. This model can be
tested by measuring invisible decays of neutral bottom
baryons such as A} — for further discussions on its col-
lider phenomenology, see [120—122]. In a recent study
[123], it has been shown that the important constraints on
the model parameters can be obtained at the Z pole run of
the CEPC.

V. CP VIOLATION IN b-HADRON DECAYS

In the SM, the flavor properties of quarks are mainly
encoded in the CKM matrix, including what concerns the
phenomena involving CP violation. The independent
entries include three Euler angles entangling the three
generations and one CKM phase as the only source of CP
violation in the SM [5]. Yet, addressing the puzzle of
BAU dynamically requires additional CP violation, as
one of the Sakharov conditions. This consideration has
motivated extensive explorations in the last decades. b-
hadron decays provide a handle particularly suitable for
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this study. Theoretically, it has been demonstrated in Ref.
[124] that the CP violation in B meson systems can drive
the BAU generation through EW baryogenesis. Experi-
mentally, the heavy-flavor measurements represent one of
the most important tasks in flavor physics. At the CEPC,
such measurements are expected to greatly benefit from
high statistics, low backgrounds, efficient hadron ID, and
extreme displacement resolution. The observables,
handled by proper analysis of amplitudes, can be fed into
the global fit of the CKM matrix. Any deviation from the
CKM unitarity would be a smoking-gun signature for NP
including new CP violation.

Generally, there are three categories of observables
for CP violation: CP violation in decay (direct CP viola-
tion), CP violation in mixing (indirect CP violation) and
CP violation through the interference between mixing and
decay.” The CP violation in decay can be measured
through a process, where the initial particle does not mix
with its CP conjugate and the final state is not a CP ei-
genstate, and its CP conjugate. The CP violation is then
manifested as a time-integrated asymmetry in statistics
between these two processes. The effective statistics is
determined by both of the overall signal rate and the effi-
ciency of tagging initial heavy-flavored particles. As in-
troduced in Section IL.B, the effective tagging efficiency
€ can be estimated as e,,(1 —2w)* for some specific pro-
cesses, where ¢,, and w are the raw tagging efficiency
and mistagging rate, respectively [126]. Regarding the
application for determining the CKM parameters, one ex-
ample is related to measuring the time-integrated CP
asymmetry in the B* — D®WOK®* decay [10, 103]. Ref.
[103] exploits high acceptance and excellent reconstruc-
tion of K? from D° — K2x° to study B* — D°(D°)K*, as-
suming a crystal ECAL for FCC-ee, and finds that the vy,
parameter for the bs unitarity triangle could be determ-
ined with a precision ~ O(1°).

The observations of CP violations in mixing and in-
terference between mixing and decay involve decaying
processes of neutral particles which as flavor eigenstates
are not identical with their mass eigenstates. In the former
case, the decays are flavor-specific. The CP violation is
often measured as a time-integrated asymmetry for semi-
leptonic decays like My — "X and M, — I*X. Differ-
ently, the latter case requests the decay products to form a
CP eigenstate such that an interference can occur between
the amplitudes with and without a mixing. B° and B? as
neutral heavy-flavored mesons are especially relevant
here. Because of the oscillations between them and their
CP-conjugate before decay, the CP asymmetry generic-
ally demonstrates a time dependence which can be lever-
aged for detecting the CP violation. A general pattern

holds for this time-dependence despite the diversity of
possible decaying processes. The asymmetry is propor-
tional to the oscillatory factors with the period determ-
ined by the mass gap (Am) between the mass eigenstates
of initial particles and non-oscillatory factors caused by
the decay-width difference (AI') of these mass eigen-
states. Because Am > AT for the B’ and B? mesons, the
oscillatory factors are relatively more relevant for their
CP violation measurements [10]. The mistagging probab-
ility @ becomes significant in this case, as the algorithm
must determine the charge of initial » quarks after the
b-b oscillation happens. Another factor affecting the
overall precision is the decay time determination, which
is mainly limited by the vertex resolution of the tracking
system.

The charge determination of initial b quarks is
primarily affected by the mixing-induced oscillations.
One way to address this difficulty is to utilize the inform-
ation of the companion b-hadron. If the companion b
quark hadronizes into non-oscillatory species such as B*
and is subsequently identified, then the charge of the ori-
ginal signal b quark can be identified. Alternatively, one
can employ the products of QCD shower and hadroniza-
tion, as they manifest the original b-quark charge before
the oscillation occurs. For example, the B meson is of-
ten accompanied by a collimated K* meson, where the
strange quarks are pair-produced. Recent study in [52]
suggests that an e value of >20% can be achieved at the
CEPC, much higher than ~5% at LHCb [127]. This res-
ult is also consistent with another CEPC study which
combines leading charged particle in a jet and mo-
mentum-weighted jet charge [35], yielding €., ~39% and
20% for inclusive c or b jets respectively. Notably, utiliz-
ing the method of jet origin identification and the
ParticleNet algorithm developed in Ref. [33], the jet
charge flip rates could be controlled to 19% and 7% for
inclusive b and c jets, corresponding to an effective tag-
ging power of 37% and 54%, respectively. More details
can be found in Sec. II.

The decay-time measurements at the CEPC are ex-
pected to benefit from its clean physics environment and
well-designed tracking system. The full simulation in
Ref. [52] reports a CEPC resolution of <5 fs for measur-
ing the 4-prong decay B’ — J/y¢ — ptu”K*K~, which is
much better than the typical LHCb level of ~20-30 fs.
This will bring great benefits to the measurements of
time-dependent CP violation and also, for the role of Am
and AT as basic inputs, the global CKM fit. Additionally,
a study in the FCC-ee context [128] suggests a relative
uncertainty of <3x107° for the Am measurement of B°
meson, which is about one order of magnitude better than

1) It was suggested recently [125] that double-mixing CP violation is possible in cascade decays involving two neutral mesons in the decay chain, induced by the in-
terference of different meson oscillating paths. Such double-mixing CP violation may occur in specific channels such as B? — pPK = pO(n~€*v) and

B? — DK — DO(x* £~ %) and the measurement of CP asymmetry depends on oscillation time of both B?S) and K.
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the current level. We hope that dedicated studies in the
future could help validate such results and reveal the full
potential of the CEPC in measuring these basic flavor
physics parameters.

The time-dependent CP measurements can be also ap-
plied to test the bs unitarity triangle. The decay of B® —
J/y¢ — utu” KT K~ has been widely used for this purpose
[129, 130]. Figure 22 displays in its left panel the projec-
ted CEPC sensitivities of measuring the parameters Al
and ¢, ~ —28; in this channel [52]. The performed full
simulation indicates that the CEPC could reduce the un-
certainty for B8, to ~2.3mrad ~ 0.13° [52], improving the
existing precision by several times. FCC-ee also reported
its study on the time-dependent CP measurements in the
same decay mode, and additionally B? — D*K* [128],
with fast simulation. The right panel of Fig. 22 shows the
mass reconstruction of BY mesons achieved in this study.
Most combinatoric and misidentification-induced back-
grounds can be removed with the PID algorithm, yield-
ing a sharp peak of signal events. In this context, the tri-
angle parameter «; and B, can be measured with a preci-
sion of 0.4° and 0.035°, respectively [128]. The CEPC
results are weaker than those of FCC-ee. However, con-

sidering the recent advancement of jet origin ID at the
CEPC, comparable sensitivities could be finally achieved
for both machines.

Yet, the oscillating effects of neutral B mesons are not
always trackable. One example is the decay of B}, —
7°7% — 4y, where the tracker loses its power and recon-
structing B, decay time becomes extremely challenging.
One can perform time-integrated measurements only for
such decays. A sensitivity study on this case has been
taken with the CEPC fast simulation in Ref. [32]. Figure
23 displays the obtained relative uncertainties (statistical
only) as a function of the B-meson mass resolution o, .
For BR(B’ — n°7° — 4y) and BR(B? — n°7° — 4y), the
Tera-Z precisions are expected to be <O(1%) and
< 0(10%), respectively. Here the magnitude of o, is
significantly influenced by the ECAL performance. The
benchmark presented reflects an ECAL resolution of
~3%/VE(GeV), which could be achieved with a fully
crystal ECAL [131]. The pair of B mesons produced at Z
pole are not entangled, unlike the entangled B production
by Y(4S) — 2B decays in B-factories. Consequently, the
time-integrated observables for CP violation at the CEPC
are slightly different from their B-factory counterparts.
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(color online) LEFT: Projected 68% confidence level (CL) sensitivities of measuring the parameters ATy and ¢, ~ —28; at the

CEPC [52], through the time-dependent CP violation in the decay B? — J/y(— u*u")p(— K*K~). RIGHT: B? mass reconstruction in the

decays BY — D¥(— ¢n* — K*K~n*)K™ at the Z pole of FCC-ee [128].
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Combining the future CEPC and Belle II results of meas-
uring B — nwr, the CKM angle a could be constrained
[132] to a level as small as 0.4° if theoretical errors are
resolved. These projected results are illustrated in Fig. 24,
which indicate that the CEPC measurements can con-
strain o much stronger than the current data. The meas-
urement of time-dependent CP violation in the B® — 7°7°
decay, using the n° — e e*y Dalitz mode, has been ex-
plored by Belle II collaboration [7]. The sensitivity relies
on the quality of the n° — e~e*y decay vertex reconstruc-
tion, which is yet to be studied at the CEPC.

Despite the analyses discussed above, many studies
regarding the CP violation at the Z pole and the relevant
physics have yet to be explored. For example, the § angle
is known to be primarily determined by the measure-
ments of the b — c&s transitions such as B° — J/yK® and
their time-dependent CP violation [10]. A dedicated sim-
ulation is needed to validate the projected Z-factory sens-
itivities in Ref. [20]. Also, the CP violation in the b —
uid transitions (see Fig. 25) such as B — pp and B — pn,
can be relevant for the determination of the a angle.
These studies also echo the recent report of the first evid-
ence from LHCD for direct CP violation arising from the
b — ccq transitions [133], where ¢ = s5,d. But, digging out
the potential of a Z factory for the CKM global fit de-
mands systematic sensitivity studies on these measure-
ments of CP violation.

Another recent achievement is the first definitive ob-
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servation of CP violation in the decays of baryons, a class
of particles that had remained experimentally elusive des-
pite decades of study [134]. Using the full Run 1 and Run
2 dataset of the LHCD, the analysis focuses on the four-
body decay A) — pK n*zn~ and its CP-conjugate process
A) - pK*n~n*, comprising over 80,000 reconstructed
events. The global CP asymmetry is directly measured to
be Acp=(2.45+£0.46+0.10)%, establishing this effect
with 5.2¢ statistical significance after careful control of
systematic uncertainties. This discovery is particularly
significant as CP violation had previously only been ob-
served in meson systems, despite both quark-level trans-
itions being theoretically predicted to show similar ef-
fects. In view of the rich statistics of AY and A) and their
boost kinematics at Z pole (see Table 2), it is natural to
extend the studies of CP violation in baryon systems from
LHCb to CEPC, as we have done for measuring the
b — ctv transitions and also testing the LFU (see Sec. III).

Finally, more opportunities for studying CP violation
beyond the currently well-established observables at the
CEPC are also expected due to the unique detector and
kinematic conditions of this machine. However, addition-
al theoretical inputs are needed to make specific recom-
mendations.

VI. CHARM AND STRANGE PHYSICS

The branching ratio of Z boson decays to a pair of
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(color online) p-value for the determination of the CKM angle o [32]. With the current B’ — nr measurements (dotted-

dashed blue) and global CKM fitting (blue error bars) as a reference, we demonstrate two different scenarios of the CEPC measure-
ments as a Tera-Z factory, where the CEPC data is used alone (dashed red) or combined with the current world average of B-factory
measurements (filled green). LEFT: Scan over the whole range of a. RIGHT: Scan around the value favored by the global CKM fit.
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Illustrative Feynman diagrams for the transition 5 — iiud. LEFT: tree level. MIDDLE: EW penguin diagram. RIGHT: QCD
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charm quarks is BR(Z — ¢¢) ~12% in the SM, which sug-
gests that the CEPC Z-pole operation mode could also
serve as a charm factory. Given the CEPC's high lumin-
osity, low background, and excellent detector perform-
ance, CEPC may significantly enhance the precisions of
certain studies in charm physics. The charm quark may
carry the information on NP, while the recent observa-
tion of CP violation in charm decays [135—137] further
strengthens the need for its study.

One benchmark case for charm physics at the CEPC,
akin to the discussions in Secs. III and IV, could be
semileptonic c-hadron decays. The FCNC charm decays
are rare in the SM. Different from the down-type FCNC,
where the quarks in the loops are dominated by top, the
up-type FCNC is dominated by the loops of b, s and d.
The mass hierarchy for down-type quarks is relatively
small compared to up-type quarks, yielding an even
stronger GIM suppression. The sensitivity of rare charm
decays to the NP is thus expected to be high [138—140].
Nevertheless, due to large resonance contributions, it is
much more challenging to estimate the hadronic effects in
charm decays. The heavy quark expansion method usu-
ally adopted for estimating rare b decays also becomes
less reliable here. The short-distance physics in rare
charm decays is thus difficult to probe through the BRs.
Instead, we may consider the observables with a sym-
metry-protected suppression in the SM and essentially
free of hadronic uncertainties. For example, we can test
LFU in semileptonic ¢ — uf*¢~ decays [141] and search
for LFV decays such as D — meu and D, — Keu [142].
We can also examine angular distributions in semilepton-
ic ¢ — ul*¢~ decays [143, 144] as well as di-neutrino de-

Table 7.

cays, e.g., D — vy and D, — Kvv [145, 146]. Any obser-
vation of a non-standard effect in these measurements
would be an evidence for the NP.

Moreover, it is important to examine hadronic c-had-
ron decays for charm physics. A preliminary qualitative
estimate of the potential for studying charm physics at the
CEPC can be made by estimating the charm particle
yields. Table 7 shows the number of D°'s and related
fully hadronic final state decay modes collected by the
LHCb experiment during its Run-2 period (approxim-
ately 6 fb™"), the expected data to be collected over the
entire lifetime of the LHC and LHCb (approximately 300
fb'), as well as the number of corresponding decay
modes expected to be collected at the CEPC in the
50MW SR power beam Z-pole operation mode. Addition-
ally, we compared the number of relevant decay modes
reconstructed in certain physics analyses at LHCb, and
estimated number of selected events at CEPC. According
to Ref. [14], the efficiency for reconstructing and select-
ing charm meson decays at a typical electron-positron
collider detector operating at Z-pole is at the level of
10%. Here, we assume for all decay channels at CEPC,
the reconstruction and selection efficiencies are 10%.

As an experiment at a hadron collider, LHCb has the
advantage of a high production cross-section for D°
particles, which is a level unattainable by the CEPC in its
Z-pole running mode. Therefore, despite the lower recon-
struction efficiency, LHCD has a significant statistical ad-
vantage over CEPC for D° decays to fully charged had-
ronic final states. However, from the above comparison,
it can be concluded that the LHCb experiment has partic-
ularly low efficiency for reconstructing n° particles, and

The number of (D°) and related fully hadronic final state decay modes produced at the LHCb experiment during its Run-2

period (approximately 6 fb™") and the expected data to be produced over the entire lifetime of the LHC and LHCb (approximately 300
fb "), as well as the number of corresponding decay modes expected to be produced at the CEPC Z-pole operation mode. The total
yields at LHCD is estimated using the cross-section measured by Ref. [149], the reconstructed and selected events from LHCb are ob-
tained from Refs. [147, 148], while the reconstruction and selection efficiency at CEPC is assumed to be 10%.

Decays LHCb (6 fb ') LHCb (300 fb™") CEPC (4 Tera 2)
Dt 4.7x10"2 24x 10" 4.6x 10!
DO from D** 3.2x10"? 1.6x 101 3.1x 10!
D** = (D° = K-K*)r* 1.6x 1010 6.5x 101! 1.3x10°
D** — (D° - at)nt 4.6x10° 23x 101 4.5%x108
D+ — (D° - K~n*)n 1.6x 10! 6.3x 102 1.2x 1010
D** — (D° - n~at a0t 4.8x10'° 2.4x 102 4.6x10°
D** - (D° = K- 7t n0)n* 4.6x10" 23x 1018 4.4x10'0
Reco. & Sel. D° — K™K+ 5.8x 107 [147] 2.9%10° 1.3x 108
Reco. & Sel. D° — 7~ 7+ 1.8x 107 [147] 9% 108 4.5%x107
Reco. & Sel. D — K~ n* 5.2x 108 [147] 2.6x 1010 1.2x10°
Reco. & Sel. D° — 7=+ 70 2.5% 100 [148] 12x108 4.6x108
Reco. & Sel. D — K~ x*70 1.9x 107 [148] 9.6x108 4.4x10°
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for decay modes with #° final states, LHCb does not have
a statistical advantage over CEPC in terms of reconstruc-
ted decay events. Therefore, conducting flavor physics re-
search involving #° particles at the CEPC, such as search-
ing for CP violation in the D — xxx° decay, is promising
in achieving measurement results comparable to LHCb's
precision.

The c-hadron decays with a final state of CP eigen-
state, such as D° — K9n°, K}w and Kj¢, are valuable for
extracting the CP violation parameter values of B — DK
decays and are hence important for determining the CKM
angle y [10] (see discussions in Sec. V also). Regarding
direct CP violation in charm decays, one important target
is to measure AAcp = Acp(K*K™) — Acp(ntn~) [150—155].
The current experimental precision on this observable is
3x10™* [156], which is expected to be improved to
~3x1075 at the LHCb Upgrade II [19]. The CEPC po-
tential for this measurement, as well as its possible exten-
sion to channels such as D° — K*K*~ and n*p~ or ajn~
[157—-159], remains to be assessed. Finally, we would
mention that the investigation of hadronic c¢-hadron de-
cays may also benefit the study on b physics, as b-had-
rons decay significantly through the » — ¢+ X EW trans-
ition, where the intermediate charm reconstruction is of-
ten necessary for the full event reconstruction.

Furthermore, for semileptonic or fully leptonic final
state decays, especially those involving neutrino final
states, the CEPC is expected to yield better results than
hadronic colliders. Semileptonic or fully leptonic decays
of D* and D¥ mesons are among the simplest and best-
understood probes of ¢ — d and ¢ — s quark flavor-chan-
ging transitions. The amplitude of such decays consists of
the annihilation of the initial quark-antiquark pair (cd or
¢5) into a virtual W* that subsequently materializes as an
antilepton-neutrino pair (I*v;), therefore can be used to
determine the CKM matrix elements |V,,| and |V.,].

The Standard Model branching fraction of purely
leptonic D* and D* decays is given by

G} m? \*
B(D; - I'v) = o fngchlszqm,z<l—m—21> . (12)

Dyq

where mp, is the D, meson mass, 7p, is its lifetime, m; is
the charged lepton mass, Gr is the Fermi coupling con-
stant. The parameter fp, is the D, meson decay constant
and parametrizes the overlap of the wave functions of the
constituent quark and anti-quark, and |V,,| is the mag-
nitude of the relevant CKM matrix element. With I, cal-
culated precisely by theories like lattice QCD, |V,,| can be
determined by measuring the branching fraction of such
decays. The current uncertainty is dominated by experi-
mental uncertainties in these measurements, therefore

CEPC has the potential to increase the precision given it
may increase the yields of relevent decays by several or-
ders of magnitude compare to current electron-positron
experiments.

Similarly, semileptonic decays D, — nl*v, and D, —
KI*v, can also be used to determine of |V,,|. The preci-
sions of branching fraction measurements are related to
the experimental yields and theoretical calculation of the
form factor. Nowadays, the dominant uncertainties of
|V,,] measurements are from the theoretical calculation of
the form factor, therefore, even CEPC can have several
orders of magnitude higher yields of relevant decays, the
ability to increase the |V,,| precision through semilepton-
ic decays is limited."”

A strange physics program can be also developed at
the CEPC, as its tracking system is compatible with the
lifetime of approximately O(100) ps for many strange
hadrons. A full-simulation study in [48] has showcased
promising reconstruction quality for KJ and A decaying
into a pair of charged tracks at the CEPC, featuring an ef-
ficiency >80% and a purity ~95%. Differently, the high-
er-intensity experiments such as kaon factories prioritize
the detection of longer-lived K* and K? particles, includ-
ing the planned upgrades [160—162]. One benchmark of
K? or A decays at the CEPC is K? — pu. Currently, its
BR is constrained to be O(100) times greater than its SM
prediction ~5x 10712 [163]. However, as this decay is
rare, the NP may induce a sizable deviation from the SM
prediction for its BR. With more than 10'* K} produced
in hadronic Z decays, the CEPC shall be sensitive to de-
tect such kind of NP. Additionally, for the events of
Z — 55, tagging the sign of strange quark prior to the
K° - K° mixing could be achieved. This is analogous to
the b or c¢ sign tagging. The measurements of CP viola-
tion from the interference between KP and K? decays is
thus possible, allowing the extrapolation of [V,,V,
sin(B+8,) [163, 164]. The CEPC sensitivities could be
extended to rare decays with additional neutral particles,
such as K — puy or Ko — pun®. Due to the small rates
for these channels, systematics should be evaluated care-
fully in simulation, which will be left to future study.

VII. 7 PHYSICS

With BR(Z - v 1%) =3% [165], the CEPC is anticip-
ated to yield = 1.2x 10'! t77~ pairs [2] — see Table 2. The
machine could thus produce five orders of magnitude
more 7 leptons than the LEP [166]. The absence of ac-
companying particle showers and large boosts (y, =~ 26)
in 7 production at the Z pole renders these events particu-
larly favorable for precise measurements and searches for
rare or forbidden processes. The amount of 7 events at the
CEPC is nearly triple that expected at Belle II (~4.5%

1) Hadronic /¥ decay could also play an important role when determining |V4|, see Sec. IX.A for more details.
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10'° 7z pairs) [7, 167], while the reconstruction efficiency
of the 7 leptons and the identification of some particular
decay modes could be significantly better due to the lar-
ger boost and the particle flow oriented detector design at
CEPC. Similarly, the r event yield at the CEPC is anticip-
ated to be several times more than those at the proposed
STCF project (= 3.5x 10" 7 pairs in 10 years) [18, 168].
These attributes make the CEPC an excellent environ-
ment for 7 physics which could significantly contribute to
the future of the field. The preliminary study in Ref. [49]
investigated the tagging efficiency of inclusive 7 hadron-
ic modes using full simulation, obtaining an efficiency
times purity of approximately 70%, ascertained from
W*W~ events. Concurrently, research is being under-
taken to scrutinize the exclusive tagging of prominent t
decay modes with the dual-readout calorimeter at the Z
pole [169]. Preliminary results suggest that the average z-
tagging accuracy of seven common decay modes is
around 90%. Detector performances of r-tagging at the Z
pole with the aid of machine learning (ML) algorithms
were also investigated in Ref. [170], where it was shown
that deep learning models applied to the IDEA detector
design can classify different r decay modes with an aver-
age accuracy of 91% and discriminate 7 jets from QCD
jets with an accuracy larger than 95%.

Recent 7 physics projections and potential measure-
ments at the Z pole of an e”e* collider have been compre-
hensively summarized in Refs. [171-173]. These ana-
lyses, predominantly founded on rapid simulations with-
in the FCC-ee context, provide valuable benchmarks.
These comprehensive studies focus on precision decay
time and mass measurements, LFU tests in leptonic 7 de-
cays, and LFV searches in 7 decays.

A. LFVin 7decays

LFV 7 decays are complementary to LFV observ-
ables at higher energy scales (see Sec. VIII.A), which
highlights the theoretical importance of these modes in
discriminating among different NP models [177-179].
Table 8 displays current limits and FCC-ee projections

from Refs. [171-173] and CEPC preliminary estimates
from Ref. [176] for the LFV leptonic ¢ decay mode
T — uuu and radiative one 7 — uy. At the CEPC, the
former search is expected to be background free due to
the excellent muon identification and momentum recon-
struction. The LFV radiative 7 decays are subject to a
background from Z — 77y followed by ordinary leptonic
7 decays, which can be alleviated by precise measure-
ments of photon momenta. Given the excellent electron
identification performance anticipated at the CEPC [47],
we expect that a sensitivity similar to the one displayed in
Table 8 for 7 — puu could be achieved for other LFV
leptonic decay modes, such as 17— eee, T — uee, T —
euu. Similarly, we expect the CEPC sensitivity to 7 — ey
to be comparable to that of 7 — uy. The CEPC prospects
should also be compared with the future reach of Belle II.
Based on projections from the existing Belle results, the
prospects for over 50 distinct LFV 7 decay modes have
been presented in Ref. [7] and recently revised in Ref.
[167, 174]. With 50 ab™" of collected data, Belle II is ex-
pected to set limits in the 107110~ range for most de-
cay modes with a notable exception of the radiative de-
cays, T — ¢y. The BRs for these decays cannot be con-
strained much below the 1078 level, as a consequence of
the difficult background from initial-state-radiation
photons affecting e"e* colliders running at energies
around the Y(nS) resonances. As we can see, a Tera-Z
factory can play a crucial role in discovering or constrain-
ing r LFV by searching for radiative modes — and, more
in general, it will be complementary to Belle II measure-
ments, reaching a comparable sensitivity for the leptonic
modes as shown in Table 8.

The CEPC sensitivity to LFV 7 decays can be inter-
preted in terms of constraints on EFT operators. For in-
stance, the limit BR(r — uy) < 107! would imply a lower
bound A > 2800 TeV on the energy scale of the LFV di-

1
pole operators F(ﬁo- #PLRrT)PF,,, where @ is the Higgs

field and F,, is the EM field tensor. Similarly, BR(r —
) < 107 would translate into the constraint A > 44

Table 8. Current [165] and projected sensitivities at Belle II [7, 167, 174], FCC-ee [171, 172, 175] and CEPC [176], for some 7 phys-
ics measurements. For other LFV leptonic modes r — £¢Z, for which dedicated studies are still missing, we expect that the CEPC can

achieve a sensitivity similar to that estimated for = — yuu. Similarly, a sensitivity for = — ey of the same order of magnitude as that for

7 — py can be plausibly reached.

Measurement Current Belle 11 FCC CEPC prelim.
Lifetime/sec (2903 +5)x 10716 +6x107'8 +7x10718
BR(t — ev¥) (17.82£0.04)% +0.003% £0.003%
BR(7 — uvv) (17.39£0.04)% +0.003% +0.003%
+ 0.0016 (stat.)
m./MeV 1776.93 +0.09
+ 0.018 (syst.)
BR(7 — ppp) <2.1x1078 3.6x10710 1.4x 10711 10-10
BR(7 — uy) <4.4x1078 6.9%x107° 1.2x107° 10710
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TeV on the scale of four-lepton LFV operators of the
kind ﬁ(ﬂ?’ﬂp LRD @Y PrLriL).

To achieve the sensitivities displayed in Table 8, the
ECAL/PFA performance will be crucial, especially when
the LFV final states have one or more neutral compon-
ents. Besides the radiative decays, other examples of such
a situation include 7— ¢h° with K =7%(—= yy), n(yy),
n'(n*n~n), etc. Additionally, since LFV 7 decays do not
feature neutrinos, the m, invariant mass reconstruction
plays a crucial rule in suppressing large backgrounds
from ordinary v decays. For explicit discussions of the
T — {y phenomenology at Tera-Z factories, see [171,
176], while studies of the prospects for hadronic LFV 7
decays, such as t— ér or T — {p, are still lacking and
will require future dedicated efforts. Finally, we notice
that, in presence of a light NP boson a with LFV coup-
lings to SM leptons, decays such as T — fa can also oc-
cur. We will discuss such exotic LFV 7 decay modes in
Section XI.

B. LFU of T decays

In Table 8, we report current accuracy and Tera-Z
prospects of measurements of the r mass, lifetime, and
the BRs of standard leptonic 7 decays. These are the cru-
cial quantities to perform tests of the LFU in 7 and u de-
cays. The SM predicts LFU of weak charged currents,
that is, that the three lepton families couple with the same
strength to W=* bosons, ie, g =g,=g. =g, Where
g =e/sinfy is the SU(2), gauge coupling, cf. Fig. 26. In-
specting the processes in this figure, one can see that the
LFU prediction can be tested by measuring the following
quantities:

(é;u)z _ BR( > %) flm ) Ry 13)

g/  BR(t—evw) f(mi/m2) Ry’

Vu
_ Gu e~
H w~—
Je
Ve
Fig. 26.

1) Numerically one obtains RI;//R; -1~8.0x107 [10], R;{;/Ra/l -1= —%

m,

5.

= -3.1x1070 and Ry /R — 1= -3 2

m

=0

( 8 >2 _ T (@)5 BR(1 — u/evv) f(mz/mﬁ) R‘;;R’;
BR(u — evv) f(m;, /m2) RYRy
(14)

ge//z Tr mq

where 7., is the decaying lepton lifetime, f(x)=1-

8x+8x® —x* - 12x?log x is a phase-space factor, R}/ = 1+
2 2

%Zév +§% and R, =1+ a(zn:) (?ﬁTz) are EW and

QED radiative corrections respectively [10, 180]."” Us-

ing the purely leptonic processes in Fig. 26, the current

experimental determination of the coupling ratios results

to be compatible with LFU at the per mil level [73, 181]:

81~ 1.0002+0.0011, 5 =1.0018+0.0014,
gé’ ge
8T 1.0016+0.0014. (15)

8u

As muon physics quantities are known with high pre-
cision, the above uncertainties mainly stem from the
measurements of 7 leptonic BRs, lifetime and mass. The
present relative uncertainties on BR(r — evv) and BR(r —
uvv) are respectively 2.2%o and 2.3%o [165], which yield
an impact of 1.1%o on the measurement of coupling ra-
tios. As one can see, they constitute the source of largest
uncertainty at the moment. The impact of 7, on the uncer-
tainty of g,/g, is at a comparable level, namely 0.9 %o,
given its current 1.7 %o relative precision [165]. The cur-
rent world average for m, is substantially more precise,
with a relative error of 5x 1075 [165], which contributes
to the uncertainty of g,/g, only at the 0.2%o level.

As shown in Table 8, an improvement by a factor of a
few for the precision of the m, measurement is possible at
Tera-Z factories, such that m, would be known precisely
enough to allow us to perform the LFU test in Eq. (14)
with an uncertainty at the 0.1 %o level or below.
Moreover, substantial improvements on the determina-
tion of m, are also to be expected at BESIII [182], Belle
IT [7] — which recently released the most precise single

Ve, Vy, Uy, U

Illustrative Feynman diagrams for the muon and tau decays. In the SM, g, = g, = g- is predicted.

o

~-29x107%

m

=
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measurement, m, = 1777.09 +0.08(stat) + 0.11(syst) MeV
[183] — and at STCF [18]. Therefore, m. is not expected
to be a limiting factor for an improved LFU test. As sug-
gested by Table 8, Tera-Z factories can play a major role
for what concerns the measurements of the BRs and life-
time. Actually, the current world average for BR(t — £vv)
is dominated by the LEP measurements that are statistic-
ally limited, although the systematic errors are typically
just a factor of two smaller than the statistical ones
[165]." Differently, the measurements of 7, at the LEP
have comparable statistical and systematic uncertainties,
which are respectively twice and three times larger than
those of the most precise measurement of 7. from the
Belle experiment [185]. The 7. measurements however
are simpler at a Tera-Z factory than those at Belle, given
the large boost stemming from m; > m,, while the statist-
ics is not going to be a concern at the CEPC also. So the
main challenge will be to control the systematics on 7,
and BR(r — ¢vv) at a level better than the LEP ones.

To achieve such a goal is possible. As the systemat-
ics at the LEP are mainly caused by its sample size, with
much higher luminosities, the CEPC may reduce the sys-
tematics by one order of magnitude for the BR(r — £v¥v)
measurements and to a level comparable to the statistical
ones for the 7, analyses [171—173]. The LFU test sum-
marized in Eq. (15) thus may reach a precision level of
+107*. Figure 27 illustrates the impact of measuring the
SM properties of the 7 lepton with such a precision.
Reaching this level of precision would make the CEPC
very sensitive to LFUV NP scenarios, such as those dis-
cussed in the literature addressing the Ry« anomaly [10]
and, more generally, to models with new dynamics
coupled mainly to the third generation [84]. As shown,
e.g., in Refs. [186, 187], the tests of LFU in the 7 sector
are already providing important constraints on such mod-
els.

As another example of the discovery potential of
these measurements, we can consider the operator

L oD )Ll i r i
pl(q) T D, ®O)Lst'y“Ls) (with L3 =(v,, 7.)"), which
only involves (left-handed) 7 leptons and is flavor-con-
serving. The presence of such an operator would induce a

V
shift - =g (1 + P) [67], where v ~ 246 GeV is the va-

cuum expectation value of the Higgs field, without affect-
ing the couplings to electrons and muons, g, =g, =g¢. A
precision of 0.1 %o level in the determination of g./g,
would then test a NP sector generating such an operator
up to A =20 TeV.

C. Opportunities with hadronic 7 decays

Hadronic 7 decays represent an important branch of z
physics. Currently, many leading constraints on the

PDG 2024 [ CEPC estimate

0.1790 4

68% CL contour
0.17851 0
N
o
0.1780 1
289.5 290.0 290.5 291.0 2915
. [fs]
Fig. 27. (color online) Expected precision of testing LFU by

measuring the SM properties of the 7 lepton in the CEPC era.
The yellow (blue) areas correspond to the present (future)
68% CL allowed regions. The ellipse shows the measured
value of the 7 lifetime and 8B,. B, is defined as the average of
the measured value of BR(r — ev¥) and its predicted value ob-
tained by setting g, = g. in Eq. (13). The diagonal band dis-
plays the SM prediction, based on taking g. =g, in Eq. (14).
The width of the band is due to the experimental uncertainty
on m,. This plot is based on Refs. [73, 181] — see also [171—
173].

branching fractions of the various exclusive hadronic
decay channels are set by the LEP [188, 189], including
T > K)Kdv, [190], 7~ — K37, [191], 7~ — 7 n%,
[189] and so forth. The CEPC's performance in these
measurements, especially for the processes with relat-
ively high hadron multiplicity (e.g., 3 and 5 hadrons) and
in a large hadron invariant mass region, is expected to ex-
ceed the LEP. It is promising that CEPC has a good op-
portunity to provide more precise measurements for a sig-
nificant portion of inclusive and exclusive hadronic 7 de-
cay channels [165], which highlights the advantage of
high-energy e e* colliders over other flavor factories in
this field.

Hadronic 7 decays bring in new physical opportunit-
ies while many of them are yet to be explored, especially
at the CEPC. For example, inclusive hadronic decays are
crucial for extracting the strong coupling constant a(m.)
[180, 192], which is currently limited by uncertainties in
the large-recoil region. Precise measurements on the in-
variant-mass distributions of the hadronic systems in ex-
clusive 7 decays can tightly constrain the properties of

1) A precise measurement of the ratio BR(7 — uv¥)/BR(7 — ev¥) has been recently published by Belle II [184], which contributed to the improved g,,/g. meas-

urement displayed in Eq. (15).
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different types of hadron resonances, which will in turn
provide valuable inputs to study the CP violation in had-
ronic 7 decay processes. Another example is the measure-
ment of 7 — K(+X) decays, which is useful for the de-
termination of |V,,|. Then such measurements can offer
an alternative important way to address the Cabbibo an-
omaly [10], i.e., the unitarity violation of the first row of
the CKM matrix. Additionally, polarization measure-
ments of the 7 leptons produced via Z decays can provide
additional tests of the LFU and relevant inputs for the
EWPOs global fit [193—195]. These measurements are
often performed in the hadronic decays 7— pv and
T — nv. For more theoretical insights and details on had-
ronic t decays, see [180, 192].

Hadronic 7 decays could also be employed to im-
prove the measurements of the currently weakly-con-
strained r anomalous magnetic moment (a.) and electric
dipole moment (d. ), along the lines taken for Belle II in,
e.g., Refs. [196, 197]. Recently the CMS reported the best
limit so far on the 7 magnetic moment, ie., a, =
0.0009+5:9932 [198]. Before this progress, the tightest con-
straint of —0.052 < a, < 0.013 at 95% CL was obtained by
the DELPHI experiment that used 7 lepton pairs pro-
duced from the photon-photon collisions off the Z pole
[199]. These experimental limits are still a factor of few
away from the SM prediction, i.e., 3™ =0.00117721(5)
[200], while it has been shown that a. could be tested at
the level of ~ 107® in the Belle II experiment [196, 197].
The potential role of future e"e* colliders in this en-
deavor needs to be studied.

Furthermore, the large number of 777" pairs pro-
duced at the Z-pole and the improved reconstruction effi-
ciency of 7 leptons, both of which are expected for the
CEPC, will allow us to efficiently constrain 7 weak-elec-
tric dipole moment (d) defined in, e.g., Ref. [201]. In the
SM, this CP-violating observable is predicted to arise at
two-loop level and its value is hence negligibly small
[202]. Any experimental observation of a non-vanishing
d? value would be a clear NP signal. Using the tau polar-

ization method [201, 203], the ALEPH has provided the
best limit on d so far, with Re[d”] <5.0x 107"¥ ¢ cm and
Im[d"] < 1.1 X107 e cm at 95% CL [204]. With 1.2x 10"
771" pairs at the CEPC and optimal observables intro-
duced in Refs. [205—208], a preliminary analysis indic-
ates that the statistical uncertainty for measuring Re[d"]
and Im[d"] could be reduced to ~1072'ecm, signific-
antly superior to the current best limit.

Hadronic 7 decays can be employed to study other CP
violation observables [209—213]. One benchmark mode
is the decay 7 — K0nv.. It has been shown [214, 215] that
the well-established CP violation in K°-K° mixing can
induce an O(107%) asymmetry between the rates of 7+ and
7~ decays. Furthermore, NP may provide contribution in-
terfering with the SM amplitudes. Assuming that the had-
ronic 7 decays indeed receive additional contributions
from NP degrees of freedom, which carry different weak
and strong phases from that of the SM contribution, one
can then construct CP-violating observables in terms of
the interference between the SM and NP amplitudes. Due
to the linear dependence on the NP amplitude, these ob-
servables may have a sensitivity to NP comparable to
processes that are forbidden or strongly suppressed with-
in the SM, such as 7 — uy and the electric dipole mo-
ment of leptons, which are usually quadratic in the NP
amplitude [212]. Searches for CP violation in the decay
7 — KJnv, have been performed in several experiments.
After initial null results from CLEO [216, 217] and Belle
[218], the BaBar collaboration reported in Ref. [219] the
observation of anomalous CP violation based on the dif-
ference between t* and v~ decay rates. This measure-
ment is in tension with the SM prediction [214, 215, 220]
with a significance of 2.8 ¢-. The result prompted a num-
ber of NP explanations involving, e.g., the introduction of
non-standard tensor interactions [220—222].

CP violation in 7— Kizv, can be also measured
through angular distributions of its decay products, even
if their rest frame cannot be exactly reconstructed [210].
The observable is defined as [7]

2l d’T(z - Korv,) Tt - Kdntv,)
cosa - dsdcosa
o sy I dsdcosa dsdcosa
P T - : (16)
1 [ {dzl"(‘r‘ - Ko v,) . d’r(r* - K27T+V-,—):| dsd
= sdcosa
2 Js Jo dsdcosa dsdcosa

which is the difference between the angular differential
decay widths of v~ and 7" weighted by cosa, where a is
the angle between the directions of the K and r momenta
in the Kn rest frame. This observable can be analyzed in
individual bins of the K invariant mass squared (s), with
the i-th bin defined by an interval [s;,s,;] [218]. As dis-
cussed above, CP violation in K°— K° mixing induces a

[
non-vanishing effect for this observable [223, 224]. Dir-
ect CP violation then arises from, e.g., the interference
between an S-wave from exotic scalar-exchange dia-
grams and a P-wave from SM W-exchange diagrams,
provided that the couplings of the exotic scalars with fer-
mions are complex. This possibility has been studied for
both polarized and unpolarized beams [209, 210]. While
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still plagued by large experimental uncertainties, the cur-
rent constraints could be significantly improved with
more precise measurements expected to be performed at
Belle 11 [7], as well as at future Tera-Z [192] and STCF
[225] facilities.

VIII. FLAVOR PHYSICS IN ZBOSON DECAYS

The LFV and LFU can be tested in multiple ways at
the CEPC, which vary from heavy-flavored fermion to Z
and Higgs boson decays. Among them the Z boson de-
cays are of particular interest for the Tera-Z events expec-
ted in the CEPC Z-pole run. In addition to these effects,
the Z boson decays can be also applied for examining
QCD factorization theorem and investigating hadron in-
ner structure. We will explore these topics in Section
VIII.A and Section VIIL.B, respectively.

A. LFV and LFU

Let us consider first the searches for LFV in Z boson
decays. In Table 9, we summarize the current limits on
Z — ¢ and the projected sensitivities at the high-lumin-
osity run of the LHC (HL-LHC) and at the FCC-ee and
CEPC Z factories. While the current limits can be im-
proved at HL-LHC, such an improvement is expected to
be within one order of magnitude as a consequence of the
large background from Z — 7. This background is diffi-
cult to deal with at hadron colliders, however it could be
well addressed at a machine like CEPC due to its expec-
ted excellent identification of 7 leptons. Moreover, for an
e e* collider the precise knowledge on the initial state
kinematics, such as the constraint on the di-lepton invari-
ant mass, m?, = m, is only limited by the beam energy
spread, in contrast to hadronic machines where this con-
straint is instead limited by the large width of the Z bo-
son. With the expected high accuracy in measuring the
momenta of the tracks and good control of the beam en-
ergy, this may benefit a lot the event reconstruction. Fi-
nally, the sensitivity to BR(Z — pe) is mainly limited by
the background from Z — uu with one of the muons be-
ing misidentified as an electron in the ECAL [171].
Hence, the expected precise PID at the CEPC could be
another important advantage.

As demonstrated in Refs. [226, 227], although the al-
lowed rate of Z — ue generally lies well below the expec-
ted sensitivity,” a Tera-Z factory, with its O(10'?) Z de-
cays, holds promise for Z — t¢ decays. Their rate can be
as large as BR(Z — ) ~ 10”7 without violating the indir-
ect limits set by the LFV measurement in 7 decays [226].

In Ref. [226], the present and future limits on LFV Z
decays have been interpreted as constraints on the NP en-
ergy scale within the dimension-6 SM EFT (SMEFT)
Hsmierr O 7z Y0 CaO, [228, 229], where

. — _
0\ =i(@" D ,®)(Ly"L),
0% =i(@'7' D, d) Iy L),
O, = i(®" D, O)EY'E) (17)

are Higgs current operators and
0.7 = (sin6,,0,5 +c0s6,,0,w) (18)
is a linear combination of the dipole operators

O = (Lo"E)DB,,, O.y=(Lo™E)Ydow,,. (19

Here L and F are, respectively, the SM doublet and sing-
let lepton fields (with flavor indices omitted), @ is the
Higgs doublet, B,, and W), (I =1,2,3) are, respectively,
the U(l)y and S (g)(Z)L field strengths, 7/ are the Pauli
matrices, and @' D ,® is defined as ®'(D,®)—(D,D)' 0.
In Fig. 28, we illustrate the NP scale associated to these
LFV operators that the CEPC can reach by searching for
Z — tu if a sensitivity such as in Table 9 is achieved. As
one can see, NP scales up to 20—30 TeV can be probed
at the CEPC. Such a performance is comparable with that
of Belle II through searches for LFV 7 decays — assum-
ing an integrated luminosity of 50 ab™'. Searches for
Z — 7e are expected to deliver similar sensitivities [226].
The study in Ref. [227] considers an alternative probe
at future electron-positron colliders: the non-resonant
production of 7u, and examines the CEPC's expected
sensitivity to its signals. This signal exhibits a character-
istic dependence on the center-of-mass energy, depend-
ing on the nature of the dominant LFV operator. The con-
tributions of operators containing the Z boson, Eq. (17)
and Eq. (18), are resonantly enhanced on the Z pole. At
higher energies, dipole interactions as in Eq. (18) yield a
cross section that remains constant for large values of the
center-of-mass energy squared s, while the Higgs current
interactions in Eq. (17) result in a cross section that de-
creases as 1/s for large s. In contrast, contributions to the
non-resonant e*e” — tu cross section from contact inter-
actions — i.e., 4-fermion operators such as (ey,Pxe)X
(ay*Pyt) (X,Y = L,R) — increases linearly with s. Overall,
the Tera-Z factories can test NP scales up to O(10) TeV,
rivaling the sensitivities of searching for the LFV tau de-
cays at Belle II. The framework provided by this study
enables a disentanglement of contributions from different
operators, exploiting the complementarity of searches at
various center-of-mass energies. Additional diagnostic
measures could be provided also by measurements of for-
ward-backward asymmetry or CP violation.

1) Barring unlikely accidental cancellations among different contributions, searches for LFV in muon decays set the indirect constraint BR(Z — pe) < 10712 [226].
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Table 9.

Current 95% CL limits on LFV in Z decays [230, 231] and projected sensitivities at HL-LHC and the FCC-ee [171] and

CEPC [176] Z factories (see also [227]). For HL-LHC, we naively scaled the current limits, which were obtained by ATLAS employ-

ing 139 fb~! of data [230, 231], to the target luminosity 3000 fb~'.

Measurement Current HL-LHC FCC CEPC prelim.
BR(Z — 1) <6.5%x107° 1.4%10°¢ 1077 107°
BR(Z — 7e) <5.0x107° 1.1x107° 1070
BR(Z — pe) <2.62x1077 5.7%1078 10-8-10710 1079
/. 7 - Ty Ty R T pee mE T o oy BT o Y BT > [y i
100 -
’;‘ L 4
ﬁ L J
— 10 —
< I ]
" () @3) B
Tis Ut T T
o¢/ Ogo(’ Ofgée OgZ
Fig. 28. (color online) Sensitivity reach for probing the NP scale of the LFV operators in Eq. (17) and Eq. (18). Here the current

bounds (dark-colored bars) are set by ATLAS [230] (Z — 7u) and B factories [165] (LFV 7 decays), and the projected sensitivities
(light-colored bars) are based on searches for Z — ru at the CEPC Z pole run with 100 ab™' and 7 — u transitions at Belle II with 50
ab~! [7], see Tables 8 and 9. The Wilson coefficients have been set equal to one uniformly. This plot is taken from Ref. [226].

The searches for flavor violation in the Z boson de-
cays can be extended to the quark sector also. The flavor-
violating hadronic Z decays are absent at tree level in the
SM and thus can serve as an efficient probe for the NP
that significantly enhances such decays. Given the nom-
inal yields of 4 Tera Z boson at the CEPC and employing
the method for particle ID in [33], we expect the 95% CL
upper limits to reach 1077 for the Z — bs and Z — bd de-
cays, 3x 1077 for Z — cu, and 7x 1077 for Z — sd, in stat-
istics. These limits are orders of magnitude stronger than
the current ones, and especially for the Z — bs mode,
only twice larger than the SM prediction. Calibration and
systematic control will be the major challenges in achiev-
ing the expected precision for these measurements. This
remains an open question that requires dedicated efforts
to address.

The LFU tests have been discussed in the FCCC and
FCNC b-hadron decays in Section III and Section IV.
These tests can be also performed in Z decays. Currently,
the LFUV for the Z boson couplings have been con-
strained to per mil level [166]:

BR(Z — p*u)

———=1. +0.002

BR(Z = e-e') 0009 +0.0028,
BR(Z—-11")

BRZ S oo 1.0019 +0.0032. (20)

While the used data sets are old (1.7x 107 Z events at
LEP, and 6 x 10° Z events with polarized beams at SLC),

these constraints have strongly limited the space for NP
models aiming to address the anomalies in FCCC and
FCNC semileptonic B decays [186]. In addition, an en-
hanced rate of Z — u*u~ is predicted within a wide class
of NP models addressing the muon g—2 anomaly [232].
In the future, reaching a precision of O(107*) in the meas-
urements of BR(Z — ¢*¢7) will allow us to probe the
scale A of the flavor-conserving components of the oper-
ators in Eq. (17) involving 7 leptons up to ~ 20 TeV. Sim-
ilarly, a Z LFU test with such a level of precision would
reach A ~ 10 TeV for the semileptonic operator (Qyy, Q3)x
(Lyy,L;) only comprising third generation fermions,
which can also provide relevant contributions to other
LFU observables such as Ry [186], cf. Eq. (6). Notably,
in a Tera-Z factory these prospected measurements would
be mainly limited by systematics, while statistical and
systematic errors are of the same order of magnitude at
the LEP. Hence, further scrutiny on these systematic un-
certainties is necessary to assess the CEPC capability of
performing the tests of LFU in Z decays. The theoretical
uncertainties of the SM prediction also need to be estim-
ated.

B. Factorization theorem and hadron inner structure

During the Z-factory phase of CEPC, one can also ex-
plore exclusive hadronic Z decays, such as Z — J/yy and
Z — n*n~, which have never been observed before. Dif-
ferent from heavy-flavor physics on the bottom and
charm mass scales, these decays occur at the EW scale
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and usually have a better convergence behavior. This may
greatly benefit the examination of QCD factorization the-
orem and the investigation of hadron inner structure.

The factorization formalism for exclusive decays
[233-236] is standard. Its application to B decays
however is hindered by large power corrections of
O(Ajcp/my) where the convergence is slow due to the
smallness of b quark mass. This theorem, however, can
be circumvented for exclusive Z decays, as the large Z
mass yields a more efficient suppression for these power
corrections. The exclusive Z decays thus can serve as a
touchstone for examining the factorization formalism.
The benchmark channel Z — J/yy, with a BR ~ 1077
[237], could be measured at the CEPC [176] with a preci-
sion much higher than the current limit of <1.4x107°
[238]. The two-meson-only Z decays have an even smal-
ler BR of < 107! [239, 240]. While a discovery would be
unattainable at both the LHC and the CEPC, the CEPC is
expected to establish much more stringent upper limits
for their event rates.

The radiative decay Z — My can serve as a tool to in-
vestigate the internal structure of light mesons. Its in-
formation is a crucial theoretical input for factorization
formulae, typically formulated as light-cone distribution
amplitudes (LCDAs). While the parton-distribution func-
tion (PDF) can be precisely determined by high-energy
inclusive processes, a comparable comprehensive experi-
mental determination of meson LCDAs is still lacking.
The Z — My decay provides an ideal platform for ex-
tracting the leading-power LCDASs of mesons. This is not
only due to the involvement of only one meson in the
process, but also because the large Z mass once again sig-
nificantly suppresses power corrections, resulting in a
clean environment. As indicated in Table 10, the CEPC is
expected to be able to determine the LCDAs of mesons
such as J/y and p by accurately measuring their corres-
ponding radiative decays.

Flavor-specific examples also encompass the Higgs
exclusive hadronic decays, believed to be more sensitive
to NP, especially to non-standard Yukawa couplings of
the Higgs boson [241]. Such decays can be examined
within the Higgs factory mode of the CEPC, and are thus
primarily limited by statistics rather than systematic un-
certainties. Despite the challenging nature of measuring
these rare processes, exclusive decays h — Vy of the

Higgs boson at the LHC, the high luminosity run of the
LHC and the CEPC could provide the much-needed plat-
form to investigate these processes. These measurements
could be vital also for testing the QCD factorization ap-
proach and extracting valuable information about the LC-
DAs of various mesons.

IX. FLAVOR PHYSICS BEYOND ZPOLE

Similar to the case of Z boson decays, flavor physics
can be explored in physical processes of other EW-scale
particles such as W boson, Higgs boson and top quark.
The productions of these particles are rich in the CEPC
runs beyond Z pole including at W threshold, Higgs
factory and also # threshold (see Table 1). Such a
strategy well-complements the study of heavy flavor
physics (b,c,7), as the probed energy domain and hence
the relevant physical effects (e.g., QCD effects) could be
very different. This will necessarily provide new insights
into fundamental rules in flavor physics. It is thus of high
scientific value to extend the flavor-physics study from
the heavy-flavored fermions to these EW-scale particles.
In this section, instead of a comprehensive study we will
demonstrate several benchmark cases involving W boson,
Higgs boson and top quark, respectively.

A. Flavor physics and W Boson decays

The CEPC is expected to produce = 10° W bosons
combining the WW threshold and Higgs factory opera-
tions. This large statistics and clean physics environment
provides excellent opportunities for investigating flavor
physics at a scale much higher than hadron scales.

One important case is to measure the CKM matrix
elements such as |V,,| and |V, in the on-shell W boson
decays (for illustrative Feynman diagrams, see Fig. 29).
Currently, there is a long-standing discrepancy of ~ 30~ or
0.0031 in absolute value on the |V,| determination
between the inclusive and exclusive B meson decays [10].
This discrepancy, however, is not very indicative for the
NP, as both methods rely on semileptonic h-hadron de-
cays and consequently are susceptible to theoretical un-
certainties from non-perturbative QCD [10, 242]. These
QCD effects could be significantly suppressed at a high-
er energy scale, thereby improving the theoretical predict-
ability [243]. The precise measurement of |V, is also

Table 10. Preliminary estimates on the Tera-Z sensitivities for measuring exclusive hadronic Z decays [176], with the CEPC full sim-

ulation samples. The exact results and systematic effects remain to be explored.

Measurement SM Prediction Current Limits [165] CEPC prelim.
BR(Z - n'77) (8.3£0.5)x 10713 [239] - 0(10719)
BR(Z — n* 7 n0) - - 0(107%)
BR(Z = J/yy) (8.02+£0.45)x 1078 [237] <1.4x107° 1072 -10"10
BR(Z — py) (4.19+£0.47)x 1070 [237] <25%x107
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Fig. 29.

valuable, allowing further investigation of the CKM unit-
arity. In recent studies at the FCC [78, 244], it is sugges-
ted that the fully hadronic decaying W boson pairs pro-
duced from the W threshold run could be utilized to de-
termine |V,,| and |V, simultaneously. Systematic uncer-
tainties, especially the calibration of jet flavor tagging
performance, become essential as illustrated in Fig. 30. In
the optimistic case where systematic uncertainty is of
0(0.1%), the method could yield relative uncertainties as
low as 0.16% and 0.05% for the |V,,| and |V,,| measure-
ment, respectively. Similarly, by incorporating both
semileptonic and fully hadronic decays from O(10°) W
bosons generated during W and Higgs operations, and
employing advanced jet flavor tagging techniques [33],
CEPC could enhance the relative statistical sensitivity of
|V, to approximately 0.006%. Such relative precisions
are better than the current ones, e.g., >1% for |V, [10].
Another dedicated study [245] indicates that the Higgs
factory operation at the CEPC may provide a comparable
or even better sensitivity for measuring |V,,|, with a large
integrated luminosity (~ 20 ab™").

The dedicated Higgs-factory study in [245] employed
a full simulation of the CEPC CDR detector design [2].
The signal events of e et — W*W~ — ¢vch are distin-
guished from major backgrounds including other
semileptonic WW events and various processes of e"e* —
4(2) fermions, through the application of a multivariate
classifier. Here the advanced algorithm of jet origin iden-
tification [33] was applied for flavor tagging. By combin-
ing lepton flavors of WW — {vcb, the relative statistical
uncertainty for measuring |V,,| was found to be <0.4%
[245], which has a potential to resolve the |V, tension.
The projected sensitivities for the CEPC and other Higgs
factory benchmarks are demonstrated in Fig. 31. Despite
this encouraging outcome, the precision of measuring
|V, and |V,,| could be further increased by improving the
jet flavor tagging with, e.g., advanced algorithms and in-
novative designs for the vertex detector system. Notably,
the ultimate precision of measuring |V,;,| and V,, relies on
also the controlling of systematic uncertainties, espe-
cially flavor tagging efficiency and mistag rates.

The measurements of leptonic /' boson decays at the
CEPC also raise new possibilities of testing the LFU in

e

lustrative Feynman diagrams for the process e"e* — W*W™ — cbuv.

0.985
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~° 09751 (PDG e 1
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Fig. 30. (color online) 68% CL |V,|-|V.| precision contours

at different systematic uncertainty scenarios. More details can
be found in [244].

Unpol.(5 ab™") |_|_|_|
Unpol. (20 ab™h I—l—v—l—l
B ! . .
. B inclusive
Unpol. (5 ab™ )+ ww exclusive
Unpol. (20 ab™")+ W ———
Pol. (0.5 ab™!) i
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Pol. (2 ab™!) —t
Conservative !
0.038 0.039 0.040 0.041 0.042 0.043
|Vcb|
Fig. 31. (color online) Projected sensitivities of measuring

Vel iIn W—cb decays in different future lepton collider
benchmarks [245]. The fourth topdown bar corresponds to the
CEPC scenario, given an unpolarized Higgs factory with an
extended run and a WW threshold run. Black and blue error
bars are based on conservative and optimistic estimates on
systematics. For comparison, the current determination of |V,|
from inclusive and exclusive B decays are also shown [10].
The PDG average of |V,,| [165] is taken as a nominal central
value for all future measurements.

the charged-current processes, in addition to the ones dis-
cussed in Secs. III and VILB. Currently the world aver-
ages for the width ratios of leptonic W boson decays are
[165]:
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BRW =) _ 4 002+0.006.

BR(W — ev)

BR(W — 1v)

S 2 015+0.020,

BR(W — ev) *

BR(W — 1v)

S T 1.002+0.020, 21
BR(W — u) * @

which are consistent with the SM predictions at percent
or even sub-percent levels. These results are based on the
LHC measurements [246—248], and are more precise than
those of the combined LEP analyses by a factor about
two [249]. With ~ 10* times larger statistics than that of
the LEP and improved control of systematic errors, the
CEPC is expected to be in an excellent position to sub-
stantially improve the LFU tests in the /¥ boson decays.

B. Flavor-violating Higgs Boson decays

With a yield of 4.3x10° Higgs bosons, the study on
flavor-violating physics can be naturally extended from
the CEPC Z pole to its Higgs factory, by investigating the
Higgs hadronic decays H — giq;, Lil; with i # j." These
flavor-violating Higgs boson decays are forbidden at tree
level in the SM, and have a tiny BR up to O(1077) due to
loop suppression. The NP arising from, e.g., multiple
Higgs doublets models, however, could enhance the BRs
of these decay modes by orders of magnitude [253, 254].

For the measurements of flavor-violating hadronic
Higgs boson decays, the tagging of quark flavor is cru-
cial and can be addressed using the method of jet origin
recognition developed in Ref. [33]. As shown in Fig. 32,
the BRs for the decays H — sb and uc can be measured at
the CEPC with an upper limit ~0.4% and 0.08% at 95%
CL, respectively. A study at the FCC-ee [252] indicates
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Fig. 32.
(RIGHT) in the vvH process at the CEPC [33].

1) Here g; denotes g;, and similarly /; denotes /;.

comparable sensitivities of measuring BR(H — bs) and
BR(H — cu), estimating the upper limits to be ~ O(107%).

The flavor off-diagonal Yukawa couplings y;; also
contribute to low-energy-scale observables, such as the
B’—B° and D°-D° mass splittings and the B® — u*u~
and B° — 777" decay rates. Measuring these observables
thus can yield constraints also on the rate of flavor-violat-
ing hadronic Higgs decays. A comparison between the
limits obtained by these methods on y;; is demonstrated in
Fig. 33. As shown by this figure, the limits obtained from
measuring the Higgs decays at the FCC-ee are expected
to be comparable with the ones set by the current meas-
urements of BY—B? and D°- D° mixing. The best limits
of CEPC indicated in Fig. 32 are stronger than the ones
set by the black-solid curve in Fig. 33 by several times.

The CEPC may yield even stronger limits on the LFV
Higgs decays, namely H — ¢/ ¢; (i # j), since the charged
leptons could be identified with a higher purity and effi-
ciency compared to the jets. A study regarding this pos-
sibility has been performed in [255]. As shown in Fig. 34,
with the CEPC TDR setup of 4.3 million Higgs bosons,
the BR can be constrained statistically to a level of
10°-10"* for H — et and ur, where leptonic decays
have been considered for 7 reconstruction [255], and of
0(107%) for the decay mode of H — ue.” The limits on
BR(H — ¢1) can be further improved by including the
hadronic 7 decay modes in the analysis.

C. FCNC top quark physics

Top quark may carry key information on the dynam-
ics of EW symmetry breaking (see, e.g., [257]). The
CEPC program provides opportunities to probe top-
quark-related FCNC processes through both anomalous
single top production below the top pair production
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(color online) Projected sensitivities for measuring the flavor off-diagonal Higgs decays H — sb (LEFT) and H — uc

2) However, it is worthwhile to note that, barring fine-tuned cancellations, BR(H — pe) is indirectly constrained to < 1078 by current limits on the LFV muon de-

cays [256].
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(color online) Projected limits on the flavor off-diagonal Yukawa couplings y;;. The 16% limit is derived from the current

upper limits on the undetermined Higgs decays at the LHC [250, 251]. The black lines denote the expected limits to be achieved aSt the
FCC-ee Higgs factory. The red shaded regions, from dark to light, represent the constraints at 1o, 20, 30 CLs, respectively, inter-
preted from the current limits on the B — B (LEFT) and D° - D° (RIGHT) mixings. The plots are taken from Ref. [252].
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Fig. 34.  (color online) PrOJected upper limits on the LFV

Higgs decays at the LHC, ILC and CEPC. The figure is up-
dated from [255].

threshold and top decays in the # events at +/s =360
GeV. Below we will show a study on the FCNC top pro-
duction in the Higgs-factory run performed in Ref. [258].
The FCNC top quark decays at the top pair threshold of
an e"e* collider however has been much less studied.

The LHC TOP Working Group [259] provides a sys-
tematic SMEFT description on FCNC top quark physics.
The single top production with a light jet "j", i.e., e e* —
t(f)j, while being suppressed by the GIM mechanism in
the SM, can be enhanced by the NP-induced two-fermi-
on FCNC operators

0107 =i ( )

(g )
03 = ((D'TI D, ) O

Uw)
oy = (0"’ 7'U;) DW,

uv?

0l =1(c1>‘ D q)) (

Qu

07 = (0:0U;) B, (22)

and four-fermion contact operators

0" = (Liy, L)) (0¥ Q) .
0" = (Loy'Ly) (7' Q1)
0(!//(1) (L ,y“L ) ( k,y/l U[) ,

0L = (Eony) (0o
O = (EoyE;) (01
0,49 = (LEj) e (QuU))

00 = (Lo E)) e (0o Uy) . (23)

lequ

Q).
Ui,

Here i, j, k, [ are flavor indices and @ is the SM Higgs
doublet. Their contributions to this physical processes are
shown in Fig. 35.

Currently, the best constraints on the two-fermion
FCNC operators and four-fermion contact operators are
set by the LHC [260—264] and LEP2 data, respectively
[265—268] (see also [269, 270]). The measurements in the
latter case are exactly based on the FCNC single top
quark production. The prospects for measuring these op-
erators via the same process at the CEPC have been stud-
ied in Ref. [258], by assuming an integrated luminosity of
5.6 ab ' at /s =240 GeV and a CEPC detector profile as
presented in [2]. For the semileptonic top quark decays,
the signal signature contains one bottom quark jet, one up
or charm quark jet, one charged lepton and missing en-
ergy, while the major background is the WWW production
with one W boson decaying hadronically and the other
one leptonically. As shown in Fig. 36, at the CEPC the
current limits for the four-fermion contact operators can
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(color online) Illustrative Feynman diagrams for the FCNC single top production e~e* — #(7)j. The green dot and blue square

represent two-fermion FCNC and four-fermion (two-lepton two-quark) contact operators, respectively.
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Fig. 36.  (color online) Projected limits on the FCNC top
quark operators at the CEPC Higgs factory run with single top
production. For comparison, the existing LHC+LEP2 bounds
and the expected limits from HL-LHC+LEP2 are also shown.
Here (3", 9 (@) ang Cz_q(l’3+a)s 3o lsg(qlt;a.%)’ ZLL’“”
linearly combined Wilson coefficients of the two-fermion
FCNC operators and the four-fermion contact operators, re-
spectively. These parameters are assumed to be real, with their
limits being generated by switching on the corresponding op-
erators individually. The LHC bounds on the four-fermion op-
erators are obtained by recasting the r — ¢ searching results.
The "CEPC baseline" shows the baseline analysis by tagging a
single top quark decaying leptonically, while the "CEPC tem-
plate fit" exploits additionally c-tagging (only for the a =2 op-
erators) and top quark scattering angle to enhance signal re-
cognition. This plot is taken from [258].

are

be improved by one to two orders of magnitude. These
constraints could be further improved by exploiting addi-
tional kinematic features of the FCNC single top quark
production. The capacity of tagging light-flavored jets at
the CEPC also presents the possibility to distinguish the
SMEFT operators with j=u quarks from those of j=c.
The Lorentz structure of the operators are reflected in the
kinematics of the top quark and hence its decay products.
The observables such as differential distributions and for-
ward-backward asymmetries thus may help lift the degen-
eracy between their Wilson coefficients if an FCNC sig-
nal is observed.

Other than the single top production at +/s =240
GeV, the CEPC is also expected to produce 0.6x10° ¢7
events at the /s =360 GeV run. This data set can be used
to search for FCNC top decays such as t— ¢Z and
t — gH with g = c,u [271-273]. Consider the t —» gH de-

cays as an example. These decays may arise from the di-
mension-6 Yukawa-type operators [259, 274]

0 = (@' ®)0,0U,, 0 =@ ©)Q,®D;. (24)

In this context, the mass matrix of the up-type quarks
and their couplings with the physical Higgs boson
(L>y;;q:Hu;) are not aligned, generically yielding the
t — gH decays. The current LHC bound for the r—cH
decay is BR(r— cH)<4.3x10™* at 95% C.L. [275], imply-
ing y%+y% <0.0032. With the expected yield of 0.6x10° ¢F
events, the CEPC could improve this limit to the O(1075)
level and, accordingly, the constraint on y2+y2 by one or-
der of magnitude.

X. SPECTROSCOPY AND EXOTICS

Spectroscopy of hadrons is critical for understanding
the mass generation in QCD, given the persisting mys-
tery of color confinement. Although exotic hadrons, ex-
tending beyond conventional quark-antiquark mesons and
three-quark baryons, have been postulated since the in-
vention of the quark model, strong evidence for their ex-
istence only emerged recently as a result of significant
experimental progress. In particular, the discovery of the
D,(2317) meson by BaBar [276] and the X(3872) meson,
also known as y.;(3872) [165], by Belle [277], has resul-
ted in a surge of interest from both experimental and the-
oretical sides. During the past two decades dozens of
exotic states, with a noteworthy characteristic of narrow
states located near the threshold for production of a pair
of open-flavor hadrons, have been identified. Neverthe-
less, intriguing resonant structures, that are explicitly
exotic, were observed, such as the Z.(3900)* by BESIII
[278] and Belle [279], hidden-charm strange tetraquark
Z.; candidates by BESIII [280] and LHCb [281], hidden-
charm P, pentaquarks [282,283], double-charm T..(3875)*
tetraquark [284], and fully-charmed tetraquarks (e.g.,
X(6900)) by LHCb [285], ATLAS [286] and CMS [287].
It is evident from Figure 37 that most of these newly ob-
served states in the charmonium mass region go beyond
the charmonium spectrum predicted by quark models
(e.g., the Godfrey-Isgur quark model [288]). These dis-
coveries spur plenty of efforts in trying to reveal the
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Fig. 37.

(color online) Spectrum of the charmonium and charmonium-like states. Black lines represent the masses in the Godfrey-Is-

gur quark model [288]. The red and blue lines represent the states observed experimentally before 2003 and since 2003, respectively.
For the latter, the years when the states were observed are labeled in green. The height of each shadow indicates the width of the cor-
responding state. We also show a few two-body open-charm thresholds as dashed lines.

nature of the new hadrons and to gain deeper understand-
ing of nonperturbative strong interactions. For recent re-
views, one may refer to Refs. [289—-300]. A wide spec-
trum of potential new resonances and a multitude of ob-
servables make hadron spectroscopy a promising avenue
for discoveries at CEPC. This is particularly relevant con-
sidering that the formation of multiquark exotics would
favor the heavy-flavored systems, which can be well
treated as non-relativistic systems [289, 293, 301-315],
and the spectra of the fully-heavy exotics, such as bbbb,
ccee, bbee, bebe, ete., can be accessed at CEPC. Note that
it is still unclear how many and what kinds of exotic mul-
tiquark states we should expect, and how these multi-
quark states can be stabilized by the nonperturbative
strong interactions. At CEPC, systematic measurements
of these heavy-flavored multiquark states should be able
to provide crucial insights into the underlying binding
mechanism for these heavy-flavored exotic states.

Despite numerous works and tremendous efforts on
the understanding of these novel structures observed in
experiment, a comprehensive solution for describing and
classifying them remains elusive. Thereby, experimental
data are paramount for further theoretical development.
At CEPC, the production of exotic states from b-hadron

decays, directly from the Z decays or from initial state ra-
diation is expected.

For example, the hidden-charm exotic states such as
X(3872) and P.(4450) can be produced at CEPC via
b — ccs transitions after b-flavored hadrons are formed.
Given the abundant production of heavy quark pairs (e.g.,
the branching fraction of Z—bb is (15.12+0.05)%
[165]), a considerable amount of exotic hadrons, includ-
ing known ones and new states, can be generated. It
should be stressed that this also allows to access a broad
spectrum of conventional heavy-flavored mesons and ba-
ryons, which can hardly be probed by the present facilit-
ies, including excited states and multi-heavy baryons
such as &,,.

At CEPC, another significant source of exotic or
multi-flavored hadrons at the Z pole comes from Z —
q3q’q . The multiple heavy quarks produced, either of the
same or opposite signs, could hadronize into various
(exotic) species if their relative velocity is low enough.
The process is highly relevant to the B, physics studies
since B, from the Z pole mainly comes from Z — bbcc
decays [316—319]. In addition, the measurement of many
inclusive rates of new resonances might occur for the first
time, and the observation of numerous new decay modes
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is anticipated. With regards to doubly-heavy baryons
(bbq, bcq and ccq) and doubly-heavy exotic states (for in-
stance, the double-charm tetraquark T7..(3875)" [284,
320], double-bottom tetraquarks [302, 321-323] and hid-
den-bottom pentaquarks [324]), the high mass threshold
necessitates Z inclusive decays as their main production
mechanism. An example of Feynman diagrams contribut-
ing to the production of a double-bottom tetraquark is
shown in Fig. 38.

Simplified assumptions and parton-level simulations
were employed to deduce the inclusive decay rates:
BR(Z - X+ T ~0(107%), BR(Z - X +E.) ~5x107,
and BR(Z —» X+ Q) ~ 1x 1073 at the Z pole [325]. Addi-
tionally, BR(Z — X +T{%,)) ~ O(107°) was also calculated
[326]. It's worth noting that 77, could have a mass
lower than the sum of B and B* meson mass, thus it could
only decay via weak interaction - as predicted by various
theoretical and lattice works, resulting in a lifetime com-
parable to the B hadrons. Therefore, the typical decay
chain (T7,, — B — D) could result in very special event
topology, which could be well reconstructed using state-
of-the-art vertex detector. Preliminary calculation shows
that percentage level of accuracy in measuring T[bq”q,] sig-

b
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N
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b
[wd]
b

- u

u
Fig. 38.
of tetraquark state T%] from the Z — bbbb decay.

An illustrative Feynman diagram for the production
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Fig. 39.

nal strength could be achieved at CEPC.

One may also estimate the inclusive production cross
section of double-charm tetraquarks of the hadronic mo-
lecular type (for systematic predictions, see, e.g., [328])
by combining Monte Carlo event generators and nonre-
lativistic effective field theory (NREFT). Such method
can successfully reproduce the inclusive cross section of
the X(3872) at hadron colliders [329—331]. Using Pythia
8.3 [332] to generate differential distributions of the
DWD* pairs with low relative momenta (see Figure 39)
and using NREFT to compute the effective couplings of
the T..(3875) to DD* and its hypothesized spin partner
T!. to D*D* [333], one finds that both the inclusive cross
section for the T..(3875) and T/, at the Z pole are of the
order of a few to 10 fb [327]. Given the expected integ-
rated luminosity of 100 ab™' at the Z pole at CEPC (see
Table 1), one expects 10°-10° T, and T’ tobe pro-
duced, consistent with the estimate in Ref. [326]. Events
involving these states can be reconstructed from the
DDn(rr) final states or similar ones with the pions re-
placed by photons.

Due to the high uncertainties in their differential rates
and decay final states, performing a MC simulation of
such exotic hadron events and reconstructing their reson-
ance is impractical without more advanced theoretical
calculations or analysis algorithms. On the other hand,
additional recent efforts have been predicted the produc-
tion of doubly-flavored baryons, i.e., E., 5., and Zy,, at
the Z pole and provided the differential distributions [334,
335].

XI. LIGHT BSM STATES FROM HEAVY
FLAVORS

Light particles are widely predicted in BSM scenari-
os involving dark sectors and feebly interacting particles
[336], and may couple to lepton and quark sectors. Can-
didates for such particles include axions and axion-like-
particles a [337—340], dark photons A’ and light Z’ bo-
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(color online) Differential cross sections of e~e* — Z° — D**D* and D**D** generated using Pythia (histograms) and fit with

do/dk o k?, where k is the relative momentum between the D** and D* meson (dashed curves) [327].
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sons [341], heavy neutral leptons (HNL) [342—344], hid-
den valley hadrons such as the dark pion # [345], etc. As
a paradigmatic example, let us consider an ALP a that
couples with the SM fermions via the dimension-5 oper-
ators

LB PPrS el PPE)09)
where fand f’ are SM fermions, C?}‘// are dimensionless
couplings, (with the vector ones ¢}, being unphysical if
f=/f),and f, is the ALP decay constant that can be re-
garded as a measure of the NP energy scale. These light
BSM states could thus be explored in flavor-physics ex-
periments if they are radiated from initial or final state
particles, or they are produced in lepton/quark decays. In-
terestingly, the production in the latter case does not con-
serve lepton flavor and the sensitivity to UV scales is
parametrically enhanced by the narrow width of the SM
fermions. Owing to their feebly-interacting nature, (so as
for them to remain undetected so far), the produced BSM
particles tend to be long-lived. They are often subject to
displaced decays or they contribute to missing energy dir-
ectly. Both kinematic features being used as collider sig-
natures of light BSM particles have been widely studied.
Note that the heavy-flavored particles in the SM are also
long-lived; to enable their identification, detectors have
often been designed for reconstructing the tracking/ver-
texing information with high quality. Even if the light
BSM particle in question is invisible, the techniques for
reconstructing the missing energy at the Z pole can facil-
itate the reconstruction of its invariant mass. Therefore,
the exploration of light BSM states in this context is nat-
urally expected. Below, let us consider the detection of
light BSM states which are produced via the decays of
heavy-flavored leptons and quarks, using the ALP and
dark pion as respective examples.

A. Lepton sector
As discussed in Secs. III, IV, and VII, the CEPC has a

Fig. 40.

strong potential for carrying out r-related searches, due to
the excellent performance of its tracker. A prominent ex-
ample is the LFV decay 7 — fa (see the left panel of Fig.
40) with the ALP a being invisible [346]. The major
backgrounds then arise from the t — £vv decays, which
share the signal signature of one visible object and miss-
ing energy. Let us consider a full reconstruction of the
Z — 771 event. Indeed, the 3-prong decays of the second z
in the Z — 77 event can yield an efficient determination
for the 7 momentum direction. Combining this result with
some other kinematic constraints, such as the r mass on-
shell condition and energy-momentum conservation, we
are able to reconstruct the invisible mass ¢* = (p, — p;)* =
m? accurately. The results from a preliminary sensitivity
analysis are presented in Fig. 41, where the events are
simulated with non-zero spatial beam spread, initial state
radiation, and finite tracking/calorimetry resolution. As
shown in the left panel, the reconstructed ¢* for the sig-
nal events sharply peaks at m?, in contrast to that of the
backgrounds. The right panel shows the expected CEPC
95% C.L. upper limits on BR(r — pa). Compared with
the current Belle II bound, i.e., BR(t — pa) <5.9x 10~
(95% CL) for a practically massless ALP [347], the es-
timated CEPC limits are about two orders of magnitude
stronger. In terms of the interactions in Eq. (25), this im-
plies that a NP scale as high as f,/c}’ ~O(10%) GeV
could be probed at the CEPC.

The light ALPs can be also searched for by their
lepton-flavor-conserving radiation, such as that in the
Z — t1a process [339]. Currently, the ALP coupling with
7 leptons is essentially yet unconstrained. For the case of
Z — pua, where the dynamics is relatively simple, it has
been shown [339] that the CEPC has the potential to
reach BR(Z — ppa) $3x107!!, yielding a limit to the
ALP coupling with muons of f,/c;, 2 1 TeV.

Moreover, both Dirac and Majorana HNLs can be
produced via LFV processes. The HNLs might be re-
sponsible for the origin of neutrino mass, the puzzle of
dark matter and even the cosmic baryon asymmetry.
Their mixing with neutrinos allows them to be produced

-
/ﬁ— /// g*‘r
b - 5
Bt K+
U | U

Ilustrative Feynman diagrams of light BSM states produced via their couplings with the flavor sector, including the light

dark pion # and the ALP a. LEFT: Illustrative Feynman diagrams for the ALP production in Z — r~7* events via lepton flavor violat-
ing couplings. RIGHT: B* — K*#(— u*u™). The flavor-changing interaction between the SM quarks and # can arise either at the tree

level or through an EW loop.
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(color online) Preliminary sensitivity analysis for searching for an invisible ALP in the Z — 7(— ua)r(— 3nv) events at the

CEPC. LEFT: Reconstruction of ¢* = (p- — p,)*. RIGHT: Upper limits on BR(r — ua) with 95% CL, where four ¢> windows have been

considered. The plots are taken from [348].

via t decays such as 7 — ¢{vN and 7 — nN, if they are
lighter than the 7 lepton. This provides an alternative to
the Z — vN decays in searching for HNLs at the Z pole
[349]. Nevertheless, the relevant sensitivity analysis is yet
to be explored.

B. Quark sector

Light BSM particles can be also produced in heavy-
flavored quark decays [96, 345, 351-355]. As an ex-
ample, let us consider a dark pion from the strong dynam-
ics of a hidden sector, where this dark pion also couples
with the SM leptons, yielding a signature of a displaced
di-lepton vertex from its decay (see the right panel of Fig.
40) [345]. The reconstruction of a narrow di-lepton reson-
ance away from the primary vertex with high quality then
allows for the efficient distinction of the signal events
from the backgrounds. Figure 42 demonstrates prelimin-
ary limits for searching for a long-lived particle in B —
KX(— up) events at the CEPC [352], where X denotes the
long-lived new particle. The strongest constraints, namely
BR(B — KX(— uu)) < 107'°, are achieved while the prop-
er lifetime of X is ~0.1-10 cm. Compared to relevant
LHCDb limits [356, 357], the CEPC analysis is sensitive to
a wider lifetime range and can be generalized to various
final states other than wu. It will be convenient to de-
scribe such a new light degree of freedom by Eq. (25) if
the new particle is a pseudoscalar since it behaves as an
ALP at low energy scales. The BR limit above can then
be interpreted as a probe of the decay constant f, of an
ALP through its coupling with SM quarks. Even when
the FCNC couplings are absent at tree level, they will be
generated at one loop by EW interactions. In the case
where the couplings to all fermions are close to unity
(¢}, ~O(1)), the constraint on f, by the CEPC will be up
to ~O0(10") GeV [345]. If a large FCNC coupling ¢}, ~ 1
is present at tree level, the constraints on f, will be even
higher, though all such limits will also depend on other
parameters that control the dark pion lifetime, such as m;.

Finally, we remark that this strategy can be applied to
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Fig. 42. (color online) Preliminary expected limits for

searching for a long-lived dark pion in B — KX(— uu) events
at the CEPC as a function of the # decay length, plot custom-
ized from results of [350].

searching for other long-lived light BSM bosons, if they
are produced and decay in a similar way. Also, it is inter-
esting to extend this study to the case where these
particles decay outside the detector and hence contribute
to the missing energy directly. In the latter case, the
CLEO analysis performed about twenty years ago [358]
still provides the current strongest constraints on BR(B* —
7t /K* +X) <4.9x107. These constraints can be inter-
preted as f, > 10% GeV in the relevant QCD axion scen-
arios [355]. However, the sensitivity prospect for such a
measurement at the CEPC is still missing.

XII. DETECTOR PERFORMANCE
REQUIREMENTS

The CEPC’s extensive flavor physics program con-
sequently imposes stringent and multifaceted require-
ments on detector performance, which becomes a key
challenge in the design and optimization of the CEPC de-
tector. Many physics benchmark analyses presented in
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this manuscript serve as references for detector require-
ments and optimization studies by quantifying the correl-
ations between anticipated precisions and critical detect-
or performance. These studies indicate that a suitable de-
tector for the CEPC flavor physics measurements should
be able to:

e Provide a large acceptance of nearly 4z solid angle
coverage, a low momentum threshold for charged tracks,
and low energy thresholds for photons and neutral had-
rons. In flavor physics, many measurements involve re-
construction of excited heavy hadrons. These excited res-
onances could decay into their base state together with a
photon or a pion with typical energy of O(10-100) MeV,
as shown in Fig. 43. The low energy/momentum
threshold is crucial for identifying these heavy-flavored
hadrons. Notably, low-momentum charged pions also
contribute to the jet charge measurement.

e Achieve excellent intrinsic resolution. Usually, the
intrinsic momentum resolution of the tracker should reach
0.1% level in the barrel region, while the intrinsic energy
resolution of the ECAL is suggested to be better than
3%/ VE(GeV). The latter is particularly relevant for dis-
tinguishing between B° and B° when they decay into
photons [32]. Moreover, to efficiently reconstruct the de-
cay vertex of 7 lepton and heavy flavor hadrons, the ver-
tex position resolution is suggested to be better than 5
um, with the vertex detector placed sufficiently close to
the interaction point [359].

e Provide excellent particle flow reconstruction and
PID. The CEPC flavor physics significantly involves ana-
lyzing hadronic events at the Z pole. Accurately identify-
ing the decay products (charged particles, photons, and
neutral hadrons) of individual heavy-flavored particles
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;|
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Fig. 43.
Z — bb,ct (/s =91.2 GeV) processes.

such as b-hadron and 7 is thus important. Figure 44
demonstrates the reconstruction efficiency and purity of ¢
in the decay B? — ¢vv and the anticipated precision of
measuring its signal rate as a function of the K/x separa-
tion power. Such a correlation indicates the necessity of
obtaining a K/n separation power better than 3o [36, 52].
The PID can be improved with various technologies. For
example, the CEPC CDR detector employs TPC as its
main tracker, which could provide dE/dx and dN/dx
measurements. If the dE/dx (or dN/dx) can be measured
with a relative accuracy of 3%, and considering a TOF
measurement of 50 ps at cluster level [41], the recon-
struction efficiency and purity of inclusive charged ka-
ons in the hadronic Z pole sample could both exceed
95%. Recently, a concept of one-to-one correspondence
reconstruction between visible final state particles and re-
constructed particles was developed, by applying ML
techniques to the information from the 5-dimensional
calorimeter [360]. The potential of identifying nine types
of particles simultaneously is demonstrated in left panel
of Fig. 45. For charged particles and photons, identifica-
tion efficiencies of 97% to nearly 100% could be
achieved, while for neutral hadrons, efficiencies of 75%
to 80% are also attainable.

® Reconstruct missing energy and momentum excel-
lently. The CEPC is expected to offer a unique advantage
over hadron colliders for the measurements involving
missing energy and momentum, such as those of h-had-
ron semi-leptonic decays and potential dark matter pro-
duction. As these measurements are often based on had-
ronic events at the Z pole, accurately reconstructing the
four-momentum of visible final state particles is essential
for meeting this expectation. The PFA is crucial in this
regard, by integrating information from various sub-de-
tectors to achieve high precision. As shown in [360], us-

o
o
=2

0.051~ ~ from D*(2007)°
[ ——~ from D*(2010)*
0.04; —— 7% from D*(2007)°
r 70 from D*(2010)*
r 7t from D*(2010)*
0.03]-
L Z—>ce
002 Normalized to 1

%5 27545 4 05 0 05 1
log10E(GeV)

(color online) Energy distributions of y, #°, and n* generated from the decays of typical excited heavy hadrons in the
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hadronically decayed Higgs bosons at the CEPC CDR phase and improved by the one-to-one (1-1) correspondence reconstruction.

Both plots are taken from [360].

ing the reconstruction of one-to-one correspondence can
improve the BMR by 25% beyond the CDR performance,
achieving a value below 3% (see right panel of Fig. 44).
A better BMR, and consequently improved missing mo-
mentum resolution at the CEPC, will enhance the flavor
measurements involving missing particles and may en-
able new flavor physics measurements that are not feas-
ible in other experiments.

e Deliver stable performance over time. The stability
of detector response is crucial for minimizing systematic
uncertainties. Reliable performance depends on the sys-
tem's ability to endure the beam environment, so the de-
tector design must be robust enough to withstand beam-
induced background while limiting its impact on physics
measurements to an acceptable level. Efficient monitor-
ing of various subsystems is essential for calibrating the
detector and mitigating systematic effects. Currently, the
machine-detector interface optimization, integration stud-

ies, and machine protection designs are still in active de-
velopment. Additionally, the accelerator's performance
must remain stable, as it directly influences the collision
environment, including instantaneous luminosity and col-
lision energy. The accelerator ring may also contribute
significantly to machine-induced background, introdu-
cing further systematic uncertainties. These discussions
are especially relevant for measuring tree-level processes
in flavor physics, such as FCCC transitions. As the sig-
nal rates are relatively high, in these cases the statistical
errors could be much lower than systematic uncertainties.

e Realize a scenario of being effectively triggerless
and free from pile-ups. The CEPC detector is anticipated
to efficiently reconstruct physics events while minimiz-
ing noise contamination to an acceptable level. With an
event rate of 10° Hz at the Z pole, a dedicated Trigger-
DAQ system is essential to meet this expectation, known
as the triggerless equivalent scenario. Additionally, on-
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line event-building could be complicated due to the high
event rate and the varying response times of different
subdetectors (e.g., TPC and calorimeters may detect neut-
ron-induced hits milliseconds after a collision), leading to
overlapping events. This makes it impossible to separate
events based solely on time. New reconstruction techno-
logies are thus needed to efficiently and accurately recon-
struct low-level physics objects such as tracks and
clusters, and associate them with different vertices. One
potential solution is to use the PFA that incorporates both
spatial and temporal information.

All of these requirements could be addressed through
comprehensive detector design, key technology R & D,
and reconstruction algorithm studies. It is crucial to con-
sider them collectively, as many are interconnected and
may conflict with each other. For example, while incor-
porating TOF systems can significantly enhance PID per-
formance, it also introduces additional upstream material
that may adversely affect the intrinsic energy resolution
of the ECAL.

XITI. SUMMARY AND OUTLOOK

An electron-positron Higgs factory is identified as the
highest priority for future collider facilities. According to
its accelerator TDR [1], the CEPC is expected to produce
4 million Higgs bosons, 4 trillion Z bosons, and billions
of W bosons during its 13 years of operation across mul-
tiple runs. The CEPC's instantaneous luminosity is so
high that it could generate the entire statistics of LEP-I in
approximately one minute. This facility thus presents an
unprecedented opportunity to advance the study of
particle physics.

This manuscript presents the flavor physics land-
scape at the CEPC, focusing on heavy-flavored systems
particularly h-hadrons and 7 leptons, as well as heavy bo-
sons such as Z and H. To provide a systematic under-
standing, the investigation encompasses various physics
topics, including FCCC and FCNC transitions, CP viola-
tion, LFU, LNV and BNV, exotic states, light BSM
particles with a particular emphasis on the Z pole run.
The estimated upper limits or measurements' precision
for the CEPC benchmarks are summarized in Table 11,
and then visualized as a histogram in Fig. 46. These
benchmarks have been analyzed using various methods
for sensitivity estimation, including full simulation, fast
simulation based on detector performance modeling, and
extrapolations from existing studies. These efforts ensure
a comprehensive evaluation of the CEPC's capabilities in
exploring flavor physics.

Compared to existing flavor physics platforms, partic-
ularly LHCb and Belle 11, the CEPC offers significant ad-
vantages and unique opportunities for a wide range of
measurements. Unlike hadron colliders, the CEPC

provides a much cleaner collision environment and a
more precise, controllable initial state. In addition to the
favorable collision environment, the PFA-oriented design
of the CEPC detector, coupled with the potential imple-
mentation of a high-precision calorimeter system, allows
for accurate reconstruction of neutral and missing final
states. This capability positions the CEPC to excel in
measurements involving photons, neutral pions, leptons,
and neutrinos, making its results superior to those from
LHCb, and even surpassing those from the upgraded LH-
Cb at the HL-LHC (see particularly Secs. III and IV).
With a well-defined initial state and reduced event pile-
up, the CEPC can effectively access radiative and lepton-
ic decays, thereby enhancing sensitivity of measuring
FCNC processes (as discussed in Sec. 1V), testing LFV
and LFU in 7 decays (see Sec. VII) and Z boson decays
(see Sec. XIII), and searches for rare decay modes.
Moreover, the heavy-flavored hadrons and 7 leptons pro-
duced at the CEPC experience a larger boost compared to
those generated at B and tau-charm factories [7, 18]. This
results in improved precision for measuring lifetimes and
secondary vertices, particularly for time-dependent CP
asymmetries (as elaborated in Sec. V). On top of the
Tera-Z run, the CEPC will also provide flavor physics
measurements at higher center-of-mass energies espe-
cially with large integrated luminosity at the Higgs opera-
tion, which enables precise measurements of flavor-viol-
ating Higgs processes and offers direct assessment of the
CKM matrix elements through the decays of W bosons
(see Sec. IX). The CEPC's wide beam energy range also
facilitates the study of hadronic states that cannot be dir-
ectly produced at Belle II, including B., A, and many
exotic hadronic states (discussed in Sec. X).

It is important to emphasize that the flavor physics
program at the CEPC is exceptionally rich and diverse,
and this paper does not capture the full extent of its po-
tential. Numerous intriguing topics remain to be explored,
each offering unique opportunities for discovery. For in-
stance, assessing the impact of the Tera-Z facility, in con-
junction with existing experimental setups, on the global
CKM fit could refine our understanding of quark mixing
parameters. Additionally, extending the study of FCNC
from b — str transition to include the first two genera-
tions of leptons would allow researchers to test LFU. Sys-
tematically studying CP asymmetry in B and C mesons,
and potentially extending it to other meson systems
presents exciting avenue for understanding the BAU. Fur-
thermore, physics measurements utilizing ¢ lepton pair
production at the Z pole can provide critical insights into
LFV. The largely unexplored charm and strange quark
physics at the CEPC also offer valuable opportunities to
investigate strong interactions and flavor symmetries.
Lastly, exploring flavor physics beyond the Z pole, i.e.,
flavor-violating top quark decays and searches for light
BSM resonances at the 7 threshold, could yield signific-
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ant insights into high-energy processes. Collectively,
these research directions will significantly enhance our
understanding of fundamental particle interactions and
may uncover NP that challenges or extends the current
theoretical framework.

To explore the rich flavor physics at the CEPC im-
poses stringent requirements on detector performance. A
large geometrical acceptance and low energy/momentum
thresholds can reduce the chance of missing visible
particles, particularly at the endcap and forward region.
Moreover, the efficient separation, reconstruction, and
identification of final state particles, where the newly de-
veloped method of one-to-one correspondence may play a
role, will greatly benefit the reconstruction of hadronic
events. Furthermore, the intrinsic performance of sub-de-
tectors is crucial. For example, flavor physics measure-
ments frequently involve distinguishing mass resonances
with small mass differences, such as the B’ and B°
mesons. An ECAL with an energy resolution better than
3%/ VE(GeV) is essential in this context. Also, an excel-
lent vertex detector system is mandatory for identifying
secondary and tertiary vertices, which are key for charac-
terizing b, ¢, and 7 decays, as well as for measuring jet
charge. Precise calibration and control of systematic un-
certainties require a stable detector system and a high-
performance monitoring system for reliable references.
Lastly, a highly efficient trigger, DAQ, and event build-
ing system are essential for conducting measurements at
high event rates, particularly during the CEPC's Z-pole
operation. Addressing these challenges is imperative to
fully exploit the flavor physics potential at the CEPC.

In parallel, the ongoing development and exploration
of innovative tools and algorithms are essential for effect-
ive data analysis and interpretation in flavor physics re-
search. As the CEPC produces vast amounts of data, tra-
ditional analysis methods may struggle to extract mean-
ingful insights, making the application of ML techniques
increasingly vital. These algorithms, including super-
vised and deep learning models, can identify complex
patterns within the data, significantly enhancing the ac-
curacy of distinguishing between signal and background
events — an especially critical task in flavor physics,
where rare processes often exist amid substantial noise.
Moreover, ML can improve measurement precision by
refining detector calibrations and enhancing event recon-
structions. Several highly relevant developments are jet
origin identification, one-to-one correspondence recon-
struction, and the application of event-level techniques
[368]. These techniques also facilitate anomaly detection,
allowing researchers to flag unusual events that may in-
dicate new physics beyond the Standard Model. The in-
tegration of advanced algorithms for data analysis can
further enable faster processing times and more efficient
data management through approaches like parallel pro-
cessing and cloud computing. Together, these advance-

ments will be instrumental in maximizing the scientific
output of the CEPC, ensuring it remains at the forefront
of flavor physics research and empowering researchers to
uncover new phenomena, refine theoretical models, and
deepen our understanding of fundamental particle interac-
tions.

Given the impressive experimental reach, it is essen-
tial to ensure theoretical uncertainties under control with
commensurate precision. Especially, most flavor physics
measurements are frequently entangled with strong inter-
actions. To match the anticipated experimental precision
at the Z factory, high-precision theoretical calculations,
particularly those involving QCD, become crucial. Con-
cerning the perturbative QCD effect, this requires higher-
order loop calculations based on modern techniques, as
reviewed in Ref. [369]. For some processes like B; —
utu—, we even need to consider the higher-order EW and
QED corrections to match the experimental precision that
can be reached at the CEPC. For the nonperturbative
QCD effects, on the other hand, we have to employ lat-
tice QCD, various QCD sum-rule techniques, phenomen-
ological fits, and quark model techniques. Especially, the
lattice QCD has now been proven to be an indispensable
method to determine nonperturbative strong contribu-
tions to weak decay processes of b and ¢ quarks. To con-
nect the physics at different energy scales involved in
these processes, the methods of effective field theories
are also playing a key role, which allow relating them by
performing the sequential matching and employing the
renormalization group running [370].

These different flavor physics facilities, such as LH-
Cb, Belle II, and future e e* colliders, could provide
complementary information for flavor physics studies. It
is important to combine all these theoretical aspects to
provide unambiguous and rigorous interpretations of the
experimental data in a global framework, either within
the SM or in any BSM scenario. This also makes collab-
orative interactions between the theory community and
experimental collaborations indispensable. Typical ex-
amples include the Heavy Flavor Averaging Group that
periodically provides updates of properties of heavy-
flavored hadrons and their transitions [10], the Flavour
Lattice Averaging Group that periodically provides im-
portant lattice inputs for experimental measurements [71],
and the Muon g—2 Theory Initiative [371] that is dedic-
ated to a detailed account of recent efforts to improve the
calculation of the muon anomalous magnetic moment. At
the same time, it would also be beneficial to develop effi-
cient interpretation frameworks capable of combining fla-
vor physics measurements with other measurements, such
as those of the Higgs and EW sectors.

To conclude, the flavor physics program at CEPC
holds immense scientific promise. Based on its bench-
mark studies, we conclude that the CEPC could give rise
to discoveries of new physical processes, boost the preci-
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sion of many measurements by orders of magnitude, and
allow the NP searches to be extended to energy scales of
10 TeV or even higher. However, to fully realize the
CEPC potential in physics, dedicated detector design and
critical R&D, as well as theoretical studies, are needed.
We hope that the flavor physics studies at the CEPC will
not only serve as a reference for evaluating the CEPC
physics potential and optimizing its detector design, but
also inspire innovative ideas for the development of new

technologies, new algorithms, and new tools.
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