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ABSTRACT

The super 7-charm facility (STCF) is an electron—positron collider proposed by the Chinese particle physics community. It
is designed to operate in a center-of-mass energy range from 2 to 7 GeV with a peak luminosity of 0.5 x 103 cm™-s™! or
higher. The STCF will produce a data sample about a factor of 100 larger than that of the present 7-charm factory — the
BEPCII, providing a unique platform for exploring the asymmetry of matter-antimatter (charge-parity violation), in-depth
studies of the internal structure of hadrons and the nature of non-perturbative strong interactions, as well as searching for
exotic hadrons and physics beyond the Standard Model. The STCF project in China is under development with an extensive
R&D program. This document presents the physics opportunities at the STCF, describes conceptual designs of the STCF

detector system, and discusses future plans for detector R&D and physics case studies.

Keywords electron—positron collider, tau-charm region, high luminosity, STCF detector, conceptual design

Contents 3.1.3 Neutral hadrons 44
3.1.4 Particle identification 46
1 Introduction 5 3.1.5  Summary of the physics
2 Physics 8 requirements 47
21 Motivation 8 3.2 Experimental conditions 48
2.1.1 Challenges in particle physics and the 3.2.1  Machine parameters 48
-charm energy region 8 3.2.2  Machine detector interface 48
2.1.2  Physics potential at the STCF 9 3.2.3 Beam background 48
2.2 Charmonium and XYZ physics 12 3.24  Conclusion 51
2.2.1 The XYZ puzzles 192 3.3 Detector design overview 51
2.2.2 Limitations of current experiments 13 3.3.1  General considerations 51
2.2.3 Opportunities for solving the XYZ 3.3.2 Overall detector concept 53
puzzles 14 3.4 Inner tracker (ITK) 53
2.2.4  Opportunities in higher charmonium 3.4.1  Introduction 53
states 15 3.4.2 Performance requirements and
2.3 Charmed hadron physics 16 technology choices 54
2.3.1 Charmed mesons 16 3.4.3 uRWELL-based inner tracker 54
2.3.2 Charmed baryons 20 3.4.4 MAPS-based inner tracker 61
2.4 Tau physics 23 3.4.5 Pileup and radiation effects 63
2.4.1 Precision measurement of the 3.4.6 Conclusion and outlook 64
T properties 23 3.5 Main drift chamber (MDC) 65
2.4.2 Determination of the SM parameters 24 3.5.1 Introduction 65
2.4.3 CP symmetry tests 26 3.5.2 Conceptual design of the MDC 65
2.4.4 Flavor-violating z decays 27 3.5.3 MDC simulation and optimization 65
2.5 Topics in QCD studies and light hadron physics 3.5.4  Expected performance 68
27 3.5.5 Pileup and radiation effects 70
2.5.1 QCD physics 28 3.5.6 Readout electronics 72
2.5.2  Spectroscopy 29 3.5.7 Conclusion 72
2.5.3 Precision tests with light hadrons 30 3.6 Particle identification in the barrel (RICH) 73
2.5.4 Tests of the CPT invariance with J/y 3.6.1 Introduction 73
decays 34 3.6.2 RICH detector concept 74
2.6 New light particles beyond the SM 36 3.6.3 RICH detector performance
2.6.1 Particles in the dark sector 37 simulation 7
2.6.2 Millicharged particles 38 3.6.4 Detector layout 77
2.7 Summary 40 3.6.5 Readout electronics 79
3 Detector 42 3.6.6 Summary and outlook 80
3.1 Physics requirements 42 3.7 Particle identification in the endcap
3.1.1 Charged particles 42 (DTOF) 80
3.1.2 Photons 44 3.7.1 Introduction 80

14701-4 M. Achasov, et al., Front. Phys. 19(1), 14701 (2024)



REPORT FRONTIERS OF PHYSICS
3.7.2 DTOF conceptual design 81 lepton/baryon sector 128
3.7.3 DTOF performance simulation 82 4.2.3 Prospects of leptonic decay
3.74 DTOF structure optimization 86 Df =ty 130
3.7.5 Background simulation 88 4.2.4 Prospect of cLFV in 7 decay 131
3.7.6 Readout electronics 89 4.3 Discussion of systematic uncertainties 132
3.7.7 Summary and outlook 90 4.3.1 Luminosity measurement 132
3.8 Electromagnetic calorimeter (EMC) 90 4.3.2 Tracking/PID uncertainty 133
3.8.1 Introduction 90 4.3.3 Radiative correction 133
3.8.2 EMC conceptual design 91 4.3.4 Vacuum polarization 133
3.8.3 Expected performance of the EMC 93 4.3.5 Others 133
3.8.4 Pileup mitigation 96 4.3.6 Conclusion 134
3.8.5 Readout electronics 100 5 Future plans 134
3.8.6 EMC R&D 101 5.1 Detector cost and project timeline 134
3.8.7 Summary 102 5.2 R&D prospects 134
3.9 Muon detector (MUD) 102 52.1 ITK 134
3.9.1 Introduction 102 5.2.2 MDC 135
3.9.2 MUD conceptual design 103 52.3 RICH 136
3.9.3 Expected performance 105 524 DTOF 136
3.9.4 Conclusion and outlook 108 525 EMC 137
3.10 Superconducting Solenoid (Solenoid) 108 592.6 MUD 137
3.10.1 Magnetic field design 108 5.2.7 Solenoid 138
3.10.2 Solenoid coil design 109 5.2.8 TDAQ 138
3.10.3 TIron yoke design 111 5.2.9 Software 138
3.10.4 Quench protection and power 5.2.10 Physics 139
supply 112 Declarations 140
3.10.5 Magnet cryogenics 112 Acknowledgements 140
3.11 Iron yoke and mechanical structure 113 References and notes 140
3.11.1 Mechanical structure of the
iron yoke 113
3.11.2 Mechanical movement of the 1 Introduction
iron yoke 114
3.11.3 Detector hall and infrastructure 115 Starting with the discovery of the charmed quark and
3.12 Trigger, clock and data the 7 lepton during the 1974 and 1975 [1], the results
acquisition (TDAQ) 115 from low-energy ete” cc?llider experiments with a center-
3.12.1 Trigger 115 of-mass energy (CME) in the 2-6 Ge\{ (T-Chi?.l'm .thresh—
3.12.2  Clock system for the readout old) reglon have play.ed 2 lfey role - eluc1c'1at1n.g the
. properties of these intriguing particles. Historically,
electromcs. o 17 there have been several generations of 7-charm facilities
3.12.3  Data acquisition system 18 (TCFs) in the world, including the Mark IT and Mark III
3.12.4  Event start time (7T) detectors [2, 3], DM2 [4], CLEO-c [5], and BEPC/
determination 121 BES [6], which have produced numerous critical contri-
3.13  Offline software 121 butions to the establishment of the SM and to searches
3.13.1 Introduction 121 for new physics beyond the Standard Model (SM). Of
3.13.2  Architecture design 122 these, the BEPC/BES facility in Beijing, China, is no
3.13.3 Core software 122 doubt one of the most prolific TCFs. This program,
3.13.4 Detector simulation 123 which started in the late 1980s, has produced many
3.13.5 Reconstruction 195 interesting physics results, such as precision measurements
3.13.6 Validation system 195 o©f the 7-lepton mass [7, 8] and the ete~ annihilation
3.13.7 Summary 196 Cross section [9], the first observat-ions of purely leptonic
4 Physics performance 196 charmed meson decays [10]', the discovery of the X (1835.))
. . as a baryonium state candidate [11-14], and clear eluci-
4.1 Fast simulation 126 qation of the o (f5(500)) [15] and & (Ko(700)) [16], the
4.2 Selected physics performance 126 1owest-lying scalar mesons.
4.2.1  Prospects of the collins The currently operating BEPCII/BESII [17, 18]
fragmentation function 126 complex, which is a major upgrade of BEPC/BESII [6]

4.2.2 Prospects of CP violations in the

that includes separate electron and positron magnet

M. Achasov, et al., Front. Phys. 19(1), 14701 (2024)

14701-5



Fo > FRONTIERS OF PHYSICS

REPORT

rings as part of the highest-ever-luminosity TCF and a
completely new, state-of-the-art detector, is the only
facility in the world that can address the physics oppor-
tunities in this interesting energy range. BEPCII/
BESIIT’s unique capabilities and excellent performance
have attracted a large collaboration of researchers from
all over the world that has been very successful in
producing numerous high-quality, frequently cited
physics results. After ten years of operation, BEPCII is
operating reliably at its designed luminosity of
103 em2s71 at /s =3.77 GeV. A continuous injection
system has recently been implemented that increases its
integrated luminosity by 30%, and its CME upper limit
has been extended from 4.6 to 4.9 GeV, thereby providing
access to charmed baryon thresholds.

In 2019, BESIII achieved one of its main data-taking
goals with the successful accumulation of 10 billion J/y
events for studies of light hadron physics. An early
payoff from this unprecedentedly large data sample was
the discovery of an isospin-singlet nn’ meson resonance
with manifestly exotic J¢ =1~ quantum numbers [19,
20]. This is best explained as a “smoking-gun” candidate
for a quantum chromodynamics (QCD) hybrid meson
comprising a quark—antiquark pair plus a valence gluon,
a hadronic substructure that was predicted over forty
years ago [21] but has only recently started to emerge
experimentally thanks to the availability of enormous
datasets such as the BESIII 10 billion J/y event sample.
Other notable light hadron physics results from BESIII
include the discoveries of an anomaly in the
X(1835) — ntnw—7/ line shape at the pp mass
threshold [14, 22], an anomalously large partial width for
the isospin-violating 7(1405) — f,(980)7° decay [23], the
first observation of ay(980) < fo(980) mixing [24] (another
forty-year-old prediction [25] that was eventually
confirmed by BESIII) and precise measurements of the
hyperon decay parameters and tests of charge-conjugate
and parity (CP) invariance in J/y — AA decays [26, 27]
and J/y — "=~ [28].

For studies of charmed mesons and baryons, BESIII
has accumulated samples of 1.7 million tagged D*+D—
events and 2.8 million tagged DYDY events produced via
¥(3770) — DD decays, 0.30 million tagged D} D!~ events
from +)(4160) — D} Dz~ decays and 90 thousand tagged
AFA; events from ete™ — ATA; with CMEs above
4.6 GeV. Measurements of purely leptonic and semileptonic
decays of D and D, mesons produced the world’s best
measurements of the Cabibbo—Kobayashi-Maskawa
(CKM) matrix elements |V.,| and |V,.4| [29-32]. Absolute
A. branching fraction measurements based on the tagged
A, baryon sample [33], including measurements for a
number of previously unseen modes, dominate the Particle
Data Group (PDG) [34] listings for this state. In addi-
tion, the large samples of CP-tagged pD°-meson decays
have been used to make precise measurements of final-
state strong interaction phase decays, which are critical

U Also known as y(4230), and was y(4260).

inputs to the LHCb and Belle (II) measurements of the
CP-violating angle v of the CKM unitary
triangle [35-37].

Measurements of ete™ annihilations for CME values
between 2.0 and 3.67 GeV have provided R measure-
ments, defined as the ratio of cross section at lowest-
order between the inclusive hadronic process
ete™ — hadrons and the Quantum Electrodynamics
(QED) process ete” — ptp~, with an unprecedented
precision of ~3% [38], which were critical inputs to SM
calculations of aqep(m%) [39] that were used in fits to
the electroweak sector of the model that provided accurate
predictions of the Higgs boson mass that were spectacularly
confirmed in 2012 by LHC experiments. BESIII R
measurements for ete™ — ntr~ at CMEs below 1 GeV,
extracted from ete™ — ygrat 7w~ events [40], where ygg is
an initial-state radiation, offer significant improvements
in accuracy over previous results and will enable future
SM calculations of (g — 2), matching the higher precision
that is expected for imminent measurements from
currently operating experiments at Fermilab [41, 42] and
JPARC [43]. In addition, this data sample is being used
for numerous low-energy QCD studies, including
measurements of the proton, neutron and A time-like
form factors with improved precision [44-47]; first
measurements of the ¥ and = form factors [48, 49]; and
studies of the enigmatic ¥(2175) resonance [50-53].

A data sample of ~20 fb ! integrated luminosity accu-
mulated at a variety of CME values between 4.0 and
4.6 GeV support detailed studies of charmonium-like
XY Z states, including some of BESIII’s most remarkable
results, such as the discoveries of the charged charmo-
nium-like states Z.(3900) and  Z.(4020) [54, 55 |; the
Z.5(3985), the first example of a charmonium-like state
with a nonzero strangeness [56]; an anomalous line shape
for the Y (4260) resonance!) [57]; and a large partial decay
width for the radiative process Y (4260) — yX (3872) [58].

The measurement of the r-lepton mass by the original
BES experiment [7] in 1992 yielded a result that was
7 MeV (~20) lower than the average of all previous
measurements. It clarified what was the major discrepancy
with the SM at that time [59]. Since then, the BES
program has made further improved 7 mass measure-
ments; the latest BESII result is in good agreement
with the original BES measurement but with an order of
magnitude better precision [8].

The BEPC/BES program followed by its upgrades has
significantly advanced our understanding of elementary
particle physics. The primary task of the particle physics
community during the next two decades will be to
mount a comprehensive challenge to the SM and to
develop an understanding of the laws of nature at a
more fundamental level. This will require a coordinated
multidimensional program including precise predictions
for measurable quantities in the framework of the SM.
These predictions, in turn, will need to be compared
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with experimental measurements with state-of-the-art
sensitivities and well-controlled systematic errors. The
physics potential of the BEPCII/BESIII
program is limited by its luminosity and CME range.
Higher luminosities will be crucial for investigating
many of the key questions that can be uniquely
addressed in the 7-charm threshold energy region, such
as more precise measurements of the SM’s free parame-
ters, a better understanding of the internal compositions
of exotic hadron states such as the XYZ and other
charmed mesons and baryons as well as quark—gluon
states and their underlying dynamics, measurements of
CP violation (CPV) in hyperon decays and other
systems, 7 physics and probes for possible new physics
beyond the SM. Next-generation studies of charmed
baryons, especially the newly discovered doubly charmed
baryon states [60], will require an increased CME range.
Because of strict spatial constraints, there is insufficient
space on the IHEP campus in Beijing to accommodate
an upgrade of BEPCII that would meet these luminosity
and energy goals. As a result, after BEPCII/BESIII
completes its mission in the near future, there will be a
need for a new collider with two orders of magnitude
higher luminosity and a much broader (by a factor of 2)
energy range in order to continue pursuing and extending
the scientific opportunities in the r-charm region.

The proposed STCF [61] is an electron—positron
collider with separated electron and positron rings and
symmetric beam energy to be constructed in China. It is
designed to have a CME range spanning from 2 to
~7 GeV, with a peak Iluminosity of at least
0.5 x 103 cm~25~! optimized for a CME of 4 GeV. In
addition to the boost in luminosity, the extended accessible
energy region will provide opportunities to study the
recently discovered doubly charmed baryons [60]. The
proposed design leaves space for higher-luminosity
upgrades and for the implementation of a polarized e~
beam in a future phase II [62] of the project. To achieve
such a high luminosity, several advanced technologies,
such as the introduction of a crabbed-waist beam-crossing
scheme with a large-Piwinski-angle interaction
region [63], will be implemented in the machine.

Some of the physics that such an STCF could access
can also be investigated by the Belle II [64] and
LHCb [65] experiments. Detailed descriptions of the
physics programs of Belle II and LHCb can be found in
Refs. [66, 67 ], respectively. Both of these experiments
can produce more 7 leptons and charmed hadrons and
mesons than the STCF. However, STCF data samples
will have distinctly lower backgrounds, near-100% detec-
tion efficiencies, almost full detector-acceptance, better
full-event reconstruction rates, well-controlled systematic
uncertainties, etc. The STCF will also have several
unique features that are not available at Belle II and
LHCb, including the direct production of 1-— resonances
such as charmonium (J/y, w(3686)and (3770)) and

current

nonstandard charmonium-like mesons, such as Y (4260),
Y (4320) and Y (4660), as well as operation near particle-
antiparticle thresholds, thus providing the ability to
fully reconstruct events with final-state neutrinos, neutr-
ons/antineutrons or K; mesons with high efficiency.

To achieve these goals, a sophisticated, machine-
compatible detector will be required to maximize the
physics potential. The detector is expected to exhibit
considerably improved performance in each subsystem
compared to the BESIII detector.

The STCF detector features large solid-angle coverage,
low noise, high detection efficiency and resolution and
excellent particle identification capabilities. It is also
required to have fast trigger response, high rate capability
and high levels of radiation tolerance. From the interaction
point outward, the STCF detector consists of a tracking
system, a particle identification (PID) system, an elec-
tromagnetic calorimeter (EMC), a superconducting
solenoid (SCS) and a muon detector (MUD), where the
tracking system is composed of both inner and outer
trackers.

Among all the subdetectors, the inner tracker is the
closest to the interaction point and hence is exposed to
the highest level of radiation. To withstand the high
radiation background, a mnovel micropattern gaseous
detector, based on yRWELL technology and consisting
of three cylindrical layers located 6, 11 and 16 cm away
from the interaction point, is proposed as a baseline
option for the inner tracker. A low-mass silicon pixel
detector based on the complementary metal-oxide-semi-
conductor (CMOS) monolithic active pixel sensor
(MAPS) technology is also considered as an alternative
option. A large cylindrical drift chamber with ultralow
material, spanning from 200 to 820 mm in radius and
operating with a helium-based gas mixture, is proposed
as the outer tracker. The momentum resolution ina 1 T
magnetic field is expected to be better than 0.5% for
charged tracks with a momentum of 1 GeV/e, and the
dE/dz resolution should be better than 6%, which can
be exploited for particle identification for low-momentum
charged particles. The PID system uses two different
Cherenkov detector technologies, one in the barrel
region and one in the endcap region, to achieve a 3o
separation between kaons and pions with a momentum
up to 2 GeV/e. A homogeneous electromagnetic
calorimeter composed of trapezoid-shaped pure CsI crystal
scintillators is proposed for the EMC to achieve an
excellent energy resolution (~2.5% at an energy of 1 GeV)
and a good position resolution (~5 mm at an energy of
1 GeV) in a high radiation background. The EMC also
has timing capability allowing the effective separation of
photons from neutrons and K9 in the energy region of
interest. A SCS magnet surrounding the EMC provides
the tracking system with a magnetic field of 1 T. A
hybrid of resistive plate chamber (RPC) with 3 inner
layers and plastic scintillator (7 outer layers) detectors is
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Fig. 2.1 (a) The free parameters of the Standard Model. Note that the neutrino masses and mixing angles are not
included here. (b) The behavior of the QCD coupling strength a,(Q) vs. 1/Q (bottom axis) and distance (top axis).

proposed as the MUD, which is expected to provide an
excellent capability to efficiently separate muons from
pions with an efficiency of 95% and a misidentification
rate of less than 3% or even better. Advanced data
acquisition (DAQ) and trigger systems are required to
handle a high event rate in the range from 60 kHz to
400 kHz.

The rest of the document is organized as follows: The
physics opportunities at the STCF are discussed in
Section 2. In Section 3, the conceptual designs of the
STCF detector system are described. In Section 4,
performances of several benchmark physics processes are
introduced, and Section 5 is the future plans and R&D
prospects.

2 Physics

2.1  Motivation

2.1.1  Challenges in particle physics and the z-charm

energy region

The Standard Model (SM) of particle physics, comprising
the unified electroweak (EW) and quantum chromody-
namics (QCD) theories, successfully explains almost all
experimental results related to the microscopic world.
For example, it successfully predicted the existence of
weak neutral current interactions and the masses,
widths and many other properties of the W#* and Z°
bosons; large particle-antiparticle differences, so-called
CP violations, in specific B-meson decay channels,
which were subsequently confirmed by experiments; and
the existence of the Higgs scalar boson, which was
discovered at CERN in 2012 [68, 69] — 50 years after its

existence was predicted — with properties that closely
match the model’s expectations. As a result, the SM is
currently universally accepted as the theory of elementary
particles and their interactions.

However, despite its considerable successes, the SM
also has a number of shortcomings, including the follow-
ing:

Many free parameters

The SM with the minimal particle contents (the gauge
particle, the generations of left-handed quark doublets,
the right-handed quark singlet, the left-handed lepton
doublets, the right-handed charged leptons, and the
Higgs doublet) has 19 free parameters that must be
extracted from experimental measurements. These
include the quark, lepton and Higgs masses; the mixing
angles of the Cabibbo-Kobayashi-Maskawa (CKM)
quark—flavor mixing matrix; and the couplings of the
electric, weak and QCD color forces [see Fig. 2.1(a)].
Considering the neutrino mass, there are even more free
parameters.

Baryon asymmetry of the universe

The model’s mechanism for CP violation fails to
explain our existence in a matter-dominated universe by
approximately ten orders of magnitude. There must be
additional CP-violating mechanisms in nature beyond
those contained in the SM.

Quark/gluon—hadron disconnect

The strongly interacting particles of the SM are
quarks and gluons, whereas the strongly interacting
particles that are measured in experiments are hadrons.
In principle, QCD accurately describes the transitions
between quarks and hadrons. However, at the relevant
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distance scale on the order of 1 fm [see Fig. 2.1(b)],
QCD is a strongly coupled theory, and perturbation
theory is not directly applicable. As a result, the spectrum
and properties of various particles that are seen in
experiments have not been well understood in theory.

Gravity, dark matter, neutrino masses, number
of flavors, etc.

The SM does not include a quantized theory for grav-
ity. It does not explain the dark matter in the universe,
the neutrino masses, the number of particle generations,
etc. Because of these shortcomings, the SM cannot be
taken as a perfect theory.

There is considerable enthusiasm among particle
physicists to search for evidence of new, non-SM physics
phenomena. In general, this requires evaluating and testing
SM predictions with ever-increasing energies and/or
levels of precision. For example, at the energy frontier,
the ATLAS and CMS experiments at CERN search for
new massive particles that are not accounted for in the
SM and make precise determinations of Higgs decay
coupling strengths to search for deviations from SM
predictions. At the intensity frontier, the LHCb experiment
at CERN, the recently commissioned Belle II experiment
at KEK, and long-baseline neutrino experiments are
searching for evidence of deviations from SM predictions
for processes that are mediated by quantum loops
containing massive virtual particles, which could be
signs of the influence of non-SM particles that are too
heavy to be accessed by experiments at LHC energies. In
lower energy regions, the tests of the SM include precision
measurements of (g—2),; tests of the unitarity of the
CKM matrix, especially the CP triangle; searches for
non-SM sources of CP violation in neutrinos; searches
for lepton flavor violations; investigation of the consistency
among various approaches for determining the value of
the Weinberg weak interaction angle 6y; etc. These, in
general, require precisely measured values of SM param-
eters, usually as inputs from other sources, and independent
determinations of the influence of long-distance hadron
effects. Thus, a comprehensive challenge to the SM
requires a coordinated multidimensional program that
includes careful refinement of theoretical predictions
coupled with experimental measurements with state-of-
the-art sensitivities.

At low energies, some of the nonperturbative effects of
QCD have an important influence on the determination
of fundamental parameters. An electron—positron (ete™)
collider operating at the transition interval between
nonperturbative QCD and perturbative QCD at the few-
GeV level — a r—charm facility — is uniquely well
suited to play an important role in the determination of
these parameters. Such a facility can address a very
broad physics program covering tests of QCD, investiga-
tions of hadron spectroscopy, precise tests of electroweak
interactions, and searches for new, beyond-the-SM
physics. Currently, the only facility operating in this

energy region is the Beijing Electron—Positron Collider IT
(BEPCII) — BEijing Spectrometer III (BESIII) [17, 18],
which has significantly advanced progress in elementary
particle physics. A comprehensive description of the
physics program and potential of BESIII can be found in
Refs. [70, 71]. BESIII has been in operation for more
than 10 years and will complete its mission soon. An
advanced facility that will continue investigating and
extend to additional research topics in the relevant
energy region with significantly enhanced sensitivity is
therefore necessary to address many of the remaining
unsolved problems. A super r-charm facility (STCF),
with a luminosity higher by two orders of magnitude,
would be a natural extension and a viable option. The
successful construction and operation of the proposed
STCF would play a crucial role in continuing China’s
leading worldwide role in research at the high-intensity
frontier of elementary particle physics.

2.1.2  Physics potential at the STCF

An STCF operating at CMEs ranging from 2 to ~7 GeV
would be of great importance to the entire field of
elementary particle physics. It would address a very
broad range of physics topics, including QCD tests,
hadron spectroscopy, precise tests of the electroweak
sector of the SM, and searches for new physics beyond
the SM. The proposed luminosity of the STCF is above
0.5 x 10%° em=2.s~1; at this level, it is expected to deliver
more than 1 ab™' of data samples each year. A possible
data-taking plan for the STCF, along with the expected
numbers of conventional events and/or particles, is
shown in Table 2.1, where the number of events at
different CME is calculated based on 1 ab~!integrated
luminosity. It should be noted that the final baseline
logic for the data-taking plan needs to be fine-tuned
depending on the scan results of the STCF CME range.
B-factory experiments and BESIII have found a striking
failure of the charmonium model to provide an explanation
of the spectrum of hidden charm states with masses
above 2mp = 3.73 GeV, which is a threshold for open
charm meson production. In addition to some conventional
c¢ charmonium states, a larger number of unexplained
charmonium-like meson states, the so-called XY 7 states,
with masses in the 3.8-5 GeV mass region, have been
discovered. These discoveries underline a glaring weakness
of the SM: the lack of understanding of how QCD, the
strong interaction sector of the theory that deals only
with quarks and gluons, explains experimental data that
involve only hadrons. In addition, after a decade of
searches, strong candidates for light non-qg hadrons such
as glueballs and ¢g—gluon QCD hybrids with exotic spin-
parity quantum numbers J¥¢ =1+ have been found in
large samples of radiative .J/y decays. Both the XYz
and exotic light hadrons point to entirely new hadron
spectra that must be explored and understood. At the
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Table 2.1 The expected numbers of events per year at different STCF energy points.
CME (GeV) Lumi (ab™%) Samples o (nb) No. of events Remarks
3.097 1 J/w 3400 3.4 x 10'?
3.670 1 Tt 2.4 2.4 x 10°
y(3686) 640 6.4 x 10
3.686 1 Trr 2.5 2.5 x 10°
w(3686) — 771 2.0 x 10°
D°D° 3.6 3.6 x 10°
DD~ 2.8 2.8 x 10°
3.770 1 DODO 7.9 x 10® Single tag
DtD~ 5.5 x 108 Single tag
Tt 2.9 2.9 x 10°
D*D° +c.c. 4.0 1.4 x 10° CPpopo = +
4.009 1 DD +c.c. 4.0 2.6 x 10° CPpopo = —
DI D7 0.20 2.0 x 108
- 3.5 3.5 x 10°
DI*D7 +c.c. 0.90 9.0 x 108
4.180 1 DH* D7 +c.c. 1.3 x 10® Single tag
Ttro 3.6 3.6 x 10°
J/yrta 0.085 8.5 x 107
4.230 1 e 3.6 3.6 x 10°
VX (3872)
1360 ) w(3686)mt 7 0.058 5.8 x 107
- 3.5 3.5 x 10°
1490 . w(3686)7 ™ 0.040 4.0 x 107
o 3.5 3.5 x 10°
630 1//(3686)77r+7r’ 0.033 3.3 x 107
1 AcA. 0.56 5.6 x 108
AcA. 6.4 x 107 Single tag
o 3.4 3.4 x 10°
4.0-7.0 3 300-point scan with 10 MeV steps, 1 fb~!/point
>5 2-7 Several ab™! of high-energy data, details dependent on scan results
Table 2.2 The expected numbers of produced XY Z-particle events before reconstruction per year at the STCF.
XYZ Y (4260) Z.(3900) Z(4020) X (3872)
No. of events 10° 10% 10® 5 x 10°

moment, many of the properties of the XY Z particles
are unknown, and there is no clearly identifiable pattern
to the XY Z particle spectrum. In certain circumstances,
it is even unclear whether the XY Z resonance signals
are partially or totally produced by kinematic singulari-
ties. These uncertainties prevent us from obtaining an
unambiguous mass spectrum and obscure insight into
the inner structure of the XY Z particles. At the STCF,
not only can large data samples of conventional particles
be collected, as summarized in Table 2.1, but copious
XY Z-particle event samples will also be produced; the
expected event numbers for some of the XY Z states are
given in Table 2.2. These large data samples will enable
detailed studies of the properties of the XY Z states
through precisely studying Argand plots, searching for

rare decays, and precisely measuring masses and widths,
which will lead to more conclusive results.

In addition to mesons containing a charmed—
anticharmed quark pair, new heavy baryons containing a
charmed quark and doubly charmed baryons have been
discovered, opening the way to new territories for QCD
spectroscopic studies. A comprehensive portfolio of high-
precision and comprehensive measurements of these
spectra could challenge and calibrate predictions from
LQCD, which is rapidly emerging as a powerful theoretical
tool for performing precision first-principles QCD calcu-
lations for long-distance phenomena. The STCEF’s high
luminosity will help us complete the task of constructing
a comprehensive and precise spectrum of these hadrons.
The extension of the STCF’s high-energy coverage to
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approximately 7 GeV is motivated by the need to under-
stand the dynamics of these doubly charmed heavy
baryons.

With the ability to produce the large data samples
indicated in Table 2.1, the STCF will serve as an ideal
facility for studies of the physics of charmed hadron
decays. A large D-meson production rate will support
rigorous tests of the SM. For example, purely leptonic
decays of tagged D* and DF mesons produced in large
numbers at the w(3770) and y(4040) (or w(4160)) resonances
would enable precise measurements of the |V.4| and |V,
matrix elements to test the second-row unitarity of the
CKM matrix and uniquely address the Cabibbo angle
anomaly, i.e., the ~ 40 discrepancy in the 6. values
measured in different processes [72]. In addition, the
DO— D0 mixing parameters could be measured with signif-
icantly improved precision. Measurements of and
searches for rare and forbidden decays with improvements
of up to two orders of magnitude in sensitivity could be
realized as part of a search for new physics.

The 7, as the heaviest charged lepton, occupies a
unique place in the SM. It has more decay channels than
the muon and thus can provide unique access to new
physics beyond the SM. At the STCF, the number of
accumulated 77~ pair events will be approximately
three orders of magnitude higher than the currently
accumulated number of such events at BESIII. As many
as a few billion 7 pairs could be obtained in a one-year
run at the CME= 2m, threshold. Operation near the
threshold would provide the STCF with unique advantages
over Belle IT [66] and LHCDb [67], even though the latter
would have larger r-pair event samples. For example,
these events, together with well-controlled background
studies using data accumulated just below the threshold,
would be uniquely well suited for a high-sensitivity
study of the anomalous (~30) sign of CP violation in
7 — Kgmv, decays that was reported by BaBar [73].
Another unique advantage of 7 pairs that are produced
near the threshold is that they are primarily produced in
an S-wave, and thus, if the electron beam is polarized,
this polarization translates nearly 100% into a well-
understood polarization of the two final-state 7 leptons
[74]. Therefore, operation of the STCF with a polarized
electron beam just above the r-pair threshold would
enable a high-sensitivity search for CP-violating asym-
metries in 7T — 7F7% decays [74]. The same data
sample would also enable better determinations of the
SM 7-lepton parameters and stringent tests of the lepton-
flavor universality of weak interactions and might reveal
possible clues toward the understanding and study of
g — 2 for the 7, which may shed light on the anomaly in
g — 2 for the muon.

The large matter-antimatter asymmetries in the b-
quark sector observed by B-factory experiments
confirmed the CKM ansatz as the SM mechanism for
CP violation. This model can also explain the CP violations
that were first observed in neutral kaon mixing and

kaon decays into two and three pions. However, this
mechanism fails to explain the baryon asymmetry of the
universe by approximately ten orders of magnitude,
which strongly suggests the presence of additional, non-
SM CP-violating interactions. Promising channels for
searching for new sources of C'P violation include the
weak decays of the A and = hyperons, where SM-CPV
effects are small but effects of new, beyond-the-SM
interactions could be large [75]. These measurements can
be elegantly done with high-statistics samples of quan-
tum-entangled  hyperon-antihyperon  pair  events
produced via J/y — AA and == decays. A one-year
STCF run at the J/y resonance would produce data
samples of 160M (60M) fully reconstructed J/y — AA
(22) events and more than an order-of-magnitude
improvement over the BESIII CP sensitivity. With ~80%
electron beam polarization, this sensitivity would be
improved by an additional factor of four.

BESIII measurements demonstrate that the hadronic
final states produced in radiative J/y decays are replete
with QCD hybrids and glueballs and are ideally well
suited for studying the spectra of these mostly unexplored
systems. Searches for anomalous weak decays of the J/y
at the STCF would have sensitivities extending all the
way down to the level of SM expectations. With STCF
data running at a variety of energies, interesting @Q?-
dependent quantities could be studied with high preci-
sion. These include time-like nucleon form factors, which
could be measured for @Q? values as high as 50 GeV?
with the best precision matching those of the existing
measurements in the space-like region. The puzzling
threshold behavior and peculiar oscillation patterns
observed in recent low-statistics experiments could be
studied in precise detail. Moreover, unlike space-like
form-factor measurements, which are possible only for
the proton and neutron, such time-like form-factor studies
could be repeated for the A, 3, = and Q~ strange hyper-
ons, offering a unique new window on the baryon struc-
ture. With this very high luminosity, high-sensitivity
searches for new light particles and new interactions
that are predicted by a number of beyond-the-SM theories
could be performed using decays of all of the weakly and
electromagnetically decaying particle systems that are
accessible in the STCF energy range.

In short, the STCF will undoubtedly cover a very
broad physics program and could support a multidimen-
sional program of experimental measurements with state-
of-the-art sensitivities, allowing many of the challenges
of the SM to be addressed. In the following chapters,
more details on some of the highlighted physics topics
that could be addressed at the STCF are provided.
These materials include discussions of research opportu-
nities regarding particles ranging from the high-mass
XY Z states to low-mass systems such as hyperons, glue-
ball/hybrid states, and possible new, beyond-the-SM
light particles. Some potential studies that could extract
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Fig. 2.2 The mass spectrum of charmonia and XYZ states
quark model [92].

important SM information for nonresonance energies will
also be presented. Studies of decays and interactions can
provide essential information to both flesh out the SM
and search for clues toward new physics beyond the SM.
In addition to spectroscopic issues, the precision of the
determination of strong- and weak-interaction parame-
ters, the sensitivities of measurements of and searches
for rare and forbidden decays and CP-violating asymme-
tries, and how new particles and new, beyond-the-SM
interactions might manifest are discussed.

2.2 Charmonium and XYZ physics

2.2.1  The XYZ puzzles

The STCF is an ideal place to study charmonium states
and exotic states containing a cc pair. Before 2003, it

in comparison with the predictions from the Godfrey—Isgur

was thought that charmonium states, being bound states
of a charm and an anticharm quark, should be well
described by nonrelativistic potential quark models.
However, since the discovery of the X (3872) by Belle in
2003, a large number of new resonance(-like) structures
have been observed in the charmonium mass region by
various experiments, including BESIII, BaBar, Belle,
CDF, D0, ATLAS, CMS and LHCb (see, e.g., Refs. [34,
66, 76-91] for recent reviews), as shown in Fig. 2.2 in
comparison with the predictions of the Godfrey-Isgur
quark model [92]. Most of them have peculiar features
that deviate from quark model expectations:

e The masses are a few tens of MeV away from the
quark model predictions for charmonia with the same
quark numbers and cannot be easily accommodated in
quark model spectra. Examples include the X(3872),
Y (4260), and Y (4360) masses; see Fig. 2.2.
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Table 2.3 Some of the XY Z states in the charmonium mass region as well as the observed production processes and decay
modes. For the complete list and more detailed information, we refer to the latest version of the Review of Particle Physics

(RPP) [34].
XYZ IG(JPC) Production processes Decay modes
+o— + - *0 70
X(3872) 0t (1++) B— KX/KnX,e"e” =X, = J /[y, wJ/y, D*°D°,
pp/pp inclusive, PbPb, vv* ~vJ /vy, yw(3686)

X(3915) 07 (0 or 2%F) B KX, vy > X wld [y
X (4140) ottt B — KX, pp inclusive
X (4274) ot(1tt)

o ®J |y
X (4500) 0t (0t B— KX
X (4700) 0t (0*T)
X (3940) 27?7 DD*

) ete” > J/y+ X ~

X (4160) 27727 D*D*
X (4350) 0t (?7) vy =+ X oJ /v
Y (4008) 0-(177) ete” Y wmd [y
Y (4260) 0 (177) efe” =Y 7ard /y, DD*1, Xcow, hemn
Y (4360) 0-(177) ny(3686)

o ete” =Y _
Y (4660) 07 (177) my(3686), AcA.
Z.(3900) 17(1t7) ete”™ — wZ,, inclusive b-hadron decays wJ /y, DD*
Z.(4020) 1(2") ete” =72 mhe, D* D*
Z1(4050) 1= (2"

B — KZ, T xe1

Z>(4250) 17(27)
Z.(4200) 1H(a+) 7t Jy

o B— KZ,
Z(4430) 11t Ty, 7 w(3686)
Z05(3985) L ete” — KZes DsD*, D:D
Z(4000) 1a*) BT = ¢Zes JIwK
Z5(4220) 1ah) Bt = ¢Zes J/wK

e All of the XY Z states are above or at least in the
vicinity of the open-charm thresholds. For those above
the thresholds, one would expect them to predominantly
decay into open-charm channels because of the OZI rule.
However, many of them have only been seen as peaks in
final states of a charmonium and light mesons/photon.
For instance, four resonant structures have been
observed in the J/y¢ final states, namely, X(4140),
X (4274), X (4500) and X (4700), while no XY Z signal was
reported in open-charm channels.

e Charged structures have been observed, including
the Z.(3900), Z.(4020), Zo(4050), Z,(4250), Z.(4200) and
Z.(4430). More recently, charged Z.; structures with
explicit strangeness have also been reported [93, 94]. If
they are hadron resonances, they must contain at least
four quarks, making them explicitly exotic multiquark
states beyond the conventional quark model.

Because of these features, XY Z particles are excellent
candidates for exotic hadrons, which include hadronic
molecules, tetraquarks, hadro-charmonia and hybrids in
this context and have been sought for decades.

Within the energy region of the STCF at the designed

luminosity, a large number of states with the quantum
numbers JF¢ =17~ can be produced. States with other
quantum numbers can also be searched for in certain
decay products. A systematic study of the intriguing
XYZ states and related highly excited charmonium
states can thus be performed with unprecedented statis-
tics. With collaborative inputs from theory and lattice
QCD, answers to the XY Z puzzles and a deeper under-
standing of how color confinement organizes the QCD
spectrum are foreseen.

2.2.2

Limitations of current experiments

Most of the XY Z states reported thus far, together with
their observed production processes and decay modes,
are listed in Table 2.3. There are several basic types of
production processes: eTe™ collisions, including the direct
production and initial-state radiation (ISR) processes; B
decays with a kaon in the final state; pp or pp collisions;
photon—photon fusion and heavy-ion production. The
first two are the main types of interest because they
have cleaner backgrounds than hadron collisions and
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higher rates than photon—photon fusion processes.
However, they need to be improved upon in the following
aspects:

¢ B — KX: The maximum mass of the X or Z,. states
that can be found via this type of reaction is approximately
4.8 GeV, the mass difference between the B meson and
the kaon. To date, the heaviest charmonium-like state
that has been observed is the X (4700). Similarly, the P.
states are difficult to be effectively studied in B decays.
Additional complexity comes from the fact that these
charmonium-like states were all observed as invariant
mass distribution peaks in final states with two or more
hadrons. Consequently, further complications arise in
analyzing data coming from i) resonances from cross
channels and ii) possible triangle singularities (see Ref.
[90] for a review). Thus, the structures observed in the
B decays need to be further confirmed in other reactions,
such as ete™ collisions.

e ete™ collisions: Charmonia and charmonium-like
states with vector quantum numbers can be easily
produced either directly or via ISR processes. As a result,
the Y (4260) has been studied with unprecedented precision
at BESIII. The heaviest vector Y states is the Y (4660),
which is above the A.A. threshold. Charmonium-like
states with other quantum numbers can only be
produced from the decays of heavier vector states, along
with the emission of pions or a photon. Thus, BESIII
has observed only the X(3872), Z.(3900), Z.(4020) and
Z.+(3985) among the many nonvector states.

2.2.3  Opportunities for solving the XYZ puzzles

To date, no clear pattern has emerged for the complicated
spectrum of the XY Z states. To establish a pattern such
that the XY Z states can be classified, more measurements
will be necessary, including searches for new charmo-
nium-like structures. There are a few guidelines for
possible measurements: i) No matter what kind of internal
structure the states have, there should be partners in
the same heavy quark spin multiplet [95], which need to
be searched for. Complications arise from the mixing of
them and their partners with spin multiplets of other
structures (such as c¢) with the same quantum numbers.
These can only be sorted out through observations, and
this can only be done with sufficient measurements. For
instance, the (0t+,1t+ 2t+ 1t-) states have the JFC
quantum numbers of P-wave cc. Thus, the states with
these quantum numbers having masses of approximately
3.9 GeV need to be systematically studied in decays to
as many final states as possible. ii) It will be important
to disentangle the contributions of kinematic singularities
from those of resonances in order to establish the correct
mass spectrum, and thus, the energy dependence of
structures such as the Z.and Z, will need to be
measured. iii) Some of the structures that have been
reported have similar masses and might have the same

origin. To check this, it will be important to search for
them in other channels and to measure their properties
more precisely. iv) It is expected to be worthwhile to
pay special attention to energies around the S-wave
open-charm thresholds.

Below, we list the opportunities at the STCF regarding
the physics of hidden-charm XY Z states:

¢ At the STCF luminosity of 0.5 x 10%® cm~2.s~! opti-
mized at /s =4 GeV, two orders of magnitude higher
than that of BEPCII, the vector charmonium-like states
that are being investigated at BESIII can be studied in
much more detail. Greatly improved knowledge of the
intriguing Z.(3900) and Z.(4020) through ete™ — 7+ Z7,
as well as that of the Z,.,(3985) and its possible spin partner
in ete™ — K*Z%, will be obtained at various CMEs. The
dependence of the Z, and Z., line shapes and production
rates on the CME will be crucial to keep kinematic
effects from triangle singularities [96-98] under control.

o Among all of the PC =++ XY Z states, only the
X (3872) has been observed in ete~ collisions, associated
with a photon, and all others have only been seen in B
decays. This is because of the low production rates of
the radiative processes and the fact that X (3872) production
receives an enhancement due to its large coupling to the
DD* pair. At the STCF with E., > 4.7 GeV, it will be
possible to produce the J*+ states, X(3915), x.0(3860)
and x.2(3930), via ete” — wX transitions, which should
have much higher rates than the radiative processes.

e At the STCF with E., 25 GeV, the J™ states
observed in the ¢.J/y invariant mass distributions can be
investigated via ete™ — ¢X. Searching for these states
and others mentioned in the above item will be crucial
for establishing the spectrum in the highly excited char-
monium mass region and thus important in understanding
the effects of the hadron thresholds on the spectrum and
confinement. In addition to the abovementioned transi-
tions, processes such as ete” — nX should also be stud-
ied.

e Energies higher than 5 GeV at the STCF will be
useful for searches for the hadronic transitions to the
spin partners of the Z.(3900) and Z.(4020) exotic states,
named the W,, as well as for conventional but not-yet-
observed charmonium states. The spin partners of the Z,
are similar to those of the Z, proposed in Ref. [99]. They
are isospin vector states with JF¢ =0*+, 1t+ and 2%,
where the C parity is for the charge-neutral state. The
neutral ones can decay into J/yntr~. The W, can be
studied in ete™ — pX transitions.

e The lowest charmed baryon—antibaryon threshold,
A, is at 4.57 GeV. The BESIII measurement of the
ete” — A A, mnear-threshold production cross section
indicates a state below the A.A. threshold [100, 101],
which is the lowest among a wealth of charmed
baryon—antibaryon molecules recently predicted [101].
With E., 25 GeV, the STCF will be able to reveal the
expected rich phenomena due to the charmed
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baryon—antibaryon channels as well as those of excited
charmed mesons.

e« With E,, >5 GeV, it will also be possible to study
hidden-charm pentaquark states in processes such as
ete™ — J/ypp and ete” — A.Dp. Similar to the XYZ
states above the DD threshold, there should be rich
phenomena above the A.D threshold. The cross section
for ete™ — J/wpp between 5 and 7 GeV may be estimated
as o(ete” — J/wpp) = O(4 fb) [102] based on the result for
the ete™ — J/wgg cross section estimated using nonrela-
tivistic QCD (NRQCD) [103]. With an integrated lumi-
nosity of 2 ab!/year, O(8 x 10%) J/ypp events can be
produced per year. A similar amount is expected for
J/ynn, and it will be possible to study this process at
the STCF, whereas this is impossible for LHCb. The
open-charm final states are expected to have larger cross
sections. Furthermore, the hidden-charm pentaquarks
are expected to decay much more easily into A,D®) than
into J/yN [104], and the £{D® hadronic molecules,
proposed by many authors to explain the LHCb P,
states, couple strongly to £ D). Therefore, promising
channels for the search for hidden-charm pentaquarks at
the STCF include ete~ — A,D®p and £ D®p. The
STCF will provide good opportunities to search for
hidden-charm P. and anomalous P., pentaquarks.

o For the interpretation of the nature of well-established
highly excited charmonium states, detailed measurements
of the production rates of open-charm final states such
as D®D®. DM P and DX D® () throughout the
whole energy range of the STCF will be necessary. To
measure the cross sections of the three independent
D*D* processes, namely, the P-wave with total spin
S =0, the P-wave with S =2, and the F-wave with
S = 2, studies of the angular correlations of the D* decay
products will need to be performed.

e There is a unique physics opportunity with
E.n € [6,7) GeV: this energy range offers an opportunity
to study physics related to the production of two ce
pairs. The production cross sections for ete~ — J/yce
based on the NRQCD calculations in Refs. [105, 106] are
on the order of tens of tb; see also Section 2.5.1. In addition
to double-charmonium production, which is also of inter-
est, this energy range is ideal for the search for fully
charmed tetraquark states, which are expected to have a
mass of above 6 GeV (see Refs. [107-110]). While it is
uncertain whether the ground state ccée is below the
double-J/y or double-n. threshold, the low-lying ccce
states are expected to decay predominantly into final
states containing a pair of charm and anticharm hadrons
via the annihilation of a c¢ pair into a gluon, with
widths on the order of 100 MeV [107, 111 ]. Excited
states with a mass well above the 6.2 GeV threshold can
also easily decay into J/wJ/y. The LHCb measurement
of the double-J/y invariant mass spectrum in semi-inclu-
sive processes of pp collisions shows clear evidence for
the existence of such states [112]. Searching for fully

charmed tetraquarks in final states other than charged
leptons is difficult at hadron colliders due to the high
background; hence, the STCF is rather unique in its
ability to support such a search.

e Charmonium-like hybrid candidates are also impor-
tant targets to be searched for at the STCF, among
which the most intriguing one is the lowest 1-+ state
since the quantum numbers are prohibited for
quark—antiquark states and from extensive lattice stud-
ies, it is expected to be the lowest charmonium-like
hybrid. The mass is approximately 4.1-4.3 GeV. In
addition, one expects a hybrid supermultiplet including
(0,1,2)~+ and 1~ states with nearly degenerate masses
of approximately 4.4 GeV [113]. At the STCF with
Een 2, 4.5 GeV, the (0,1,2)~* states can be produced
either from the hadronic and radiative transitions from
highly excited charmonia, such as y(45) and higher exci-
tations, or from the final-state radiations in e*e~ annihi-
lations. The Y'(4260) has a possible assignment of a 17~
charmonium-like hybrid [114], but further experimental
and theoretical efforts should be made to unravel its
nature. At the STCF, with its much higher luminosity
than BEPCII/BESIII, it will be possible to measure the
decay properties of the Y (4260) more precisely and to
search for other open-charm decay modes, along with
the possible connections between Y (4260), X (3872) and
Z.(3900). It is expected that the STCF will enable the
final determination of the status of the Y (4260).

2.2.4  Opportunities in higher charmonium states

Closely related to the XYZ puzzles, there are also
predictions from the quark model [92] and from lattice
QCD [113] of states that have not been identified. Some
of them, such as the 2P states, are certainly intertwined
with the X states with the same quantum numbers.
However, there are also still missing states that are
believed to be relatively clean, such as the 1D state 7.
and other higher-L excitations.

The supermultiplet of 1D states includes 12D; 5 5 and
1'D, (named 7,,), with the quantum numbers (1,2,3)"~
and 27T, respectively. Apart from the well-known
w(3770), the 27~ state has likely been observed by Belle
[115] and BESIII [116] and is labeled w,(3823) in the
2018 PDG. Very recently, LHCb reported a candidate
for the 13D state (named w,). However, the spin singlet
1D state 7., continues to evade experimental searches.
Lattice QCD studies predict that the mass of 5. is
approximately 3.8 GeV [113, 117 |, nearly degenerate
with other 1D states. Experimentally, 7., can be
produced directly from (4040) through the M1 transi-
tion. If the partial width of y(4040) — 5. is a few keV,
then the corresponding branching fraction is O(107%).
Therefore, it is difficult for BESIII to observe 7., in this
process (the number of w(4040) events at BESIII is
0O(10°%) [70]). However, the STCF, with a luminosity 100
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times higher, will have the possibility to search for .
Since it has no open-charm decay modes, the hadronic
transitions, such as the decay modes
J/yr%n~nt, and the El1 radiative transition n. — yh.
can be important.

Apart from spectroscopy, the understanding of the
known charmonium states can be greatly improved
through more precise measurements of their radiative
and hadronic states [70]. In the following, the two types
of decays will be discussed.

For the radiative transitions, at the STCF, it will be
possible to measure the rare electric—dipole transitions
ne(25) — hey and w(3770) — .0y and the magnetic-dipole
transitions  w(3686) — n.(2S)y, n.(2S) = J/yy, and
he = xc0y- It will also be possible to measure the total
and leptonic or two-photon widths with high precision.
These transitions and decay widths can be calculated in
both the quark model and lattice QCD. Comparisons
between experimental data and these theoretical predic-
tions will help us more clearly understand the inner
structure of charmonia.

A more systematic and comprehensive study of the
decays of low-lying charmonia can also be performed at
the STCF. These states are below the threshold for D-
meson production and decay predominantly into
hadrons consisting of light u, d and s quarks. However,
information about their decays is incomplete at present.
For the well-known .J/y meson, only approximately 40%
of its hadronic decays have been measured. For other
states, the situation is even worse. The high luminosity
of the STCF will facilitate more precise measurements of
the properties of light hadrons from low-lying charmonium
decays and the subsequent acquisition of a more
complete understanding of the scenario of low-energy
strong interactions.

Yeimm and

2.3 Charmed hadron physics

The discovery of the charm quark in 1974 was a great
milestone in the development of particle physics and the
establishment of the Standard Model (SM). The high-
luminosity STCF, which will be capable of producing
approximately 10°-10'© quantum-coherent D°D°® meson
pairs, D or D7 mesons, and A} baryons, will be an
important low-background playground for testing the
SM and probing new physics beyond relative to the
experience at BESIII [118]. In particular, it will serve as
a unique tool for determining the Cabbibo—
Kobayashi-Maskawa (CKM) matrix elements V., and
V.s, measuring the pDO—pPO mixing parameters, probing
CP violation in the charm sector, searching for SM rare
and forbidden charmed hadron decays, and studying
other fundamental problems associated with the
charmed hadrons. Many of the golden measurements at
the STCF will be dominated by systematic uncertain-
ties; therefore, a state-of-the-art detector with excellent

performance will be required, especially for identifying
the different types of charged particles, detecting low-
momentum charged particles and measuring photons.

2.3.1  Charmed mesons

DE:) leptonic decays

Direct determination of the CKM matrix elements |V,
and |V,4| is one of the most important targets in charm
physics. These two quark-flavor mixing quantities not
only govern the rates of leptonic D™ and D} decays but
also play a crucial role in testing the unitarity of the
CKM matrix. Hence, the precise measurement of |V.4|
and |V,,| is a priority of the STCF experiment.

The most precise way to determine |V 4| and |V, at
the STCF will be via pure leptonic decays of the form
D(t) — (ty, (where ¢ = e, p,7), as the semileptonic decays
suffer from large uncertainties in the LQCD calculations
of the form factors. The product of the decay constant
fD(t) and [V4)| can be directly accessed by measuring
the widths of D(J;) — ¢*v,. Then, with fD+ from LQCD

as input, the values of [V 4| or fD+ can) be obtained.
Listed in Table 2.4 are the most precise determinations
to date of [V q|and f,, [120, 121, 125] at BESIII and
the projected precisionss at the STCF. Note that for
B(DT — rTv,;), several 7t decay channels, such as
Tt = 7ty etvv., ptr.y,, and ptu,, are combined to
improve the statistical sensitivity.

The systematic uncertainties at the STCF are to be
optimized to a subleading level, as the statistical uncer-
tainties are expected to be less than 0.5%. To reduce the
systematic uncertainties due to background and fitting,
it will be optimal for the STCF to study DI — ¢ty
— DDy at 4.009 GeV. Thus far, the fD+
values have been calculated via LQCD with precisions of
approximately 0.2% [119]; specifically, f} =212.7+0.6
MeV, f =249.9+0.4 MeV and f}) /f; = 1.1749 + 0.0016.
At the time when the STCF comes online, their precisions
are expected to be below 0.1%. This means that the
sizes of the systematic uncertainties at the STCF will be
crucial and must be improved to the similar level. The
feasibility studies of D* — pty, and D} — 7Fv, are
presented in Refs. [126, 127]. In particular, the efficiencies
of muon and electron identification will be critical and
must be optimized to constrain the total uncertainty to
reach the expected level.

On the other hand, precise measurements of the
semileptonic branching fractions for D, — h*tv,, where
h is a charmless hadron, will be used to calibrate the
LQCD calculations of the form factors involved by intro-
ducing the |V,4,)| values from global CKM fits (such as
those of CKMfltter [128, 129] and UTfit [130, 131]). For
the case of D,y — V(hihy)¢*vy (where V denotes a vector
meson, decaying into hadrons h; and h,), time reversal

using ete”
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Table 2.4 For studies on DJr — ¢ty the precisions achieved at BESIII and the projected precisions at the STCF and
Belle II. Considering that the LQCD uncertainty of fD+ has been updated to be approximately 0.2% [119], the |V.4| value

measured at BESIII has been recalculated; this recalculated value is marked with *. For Belle II, we assume that the systematic
uncertainties can be reduced by a factor of 2 compared to the Belle results.

BESIII STCF Belle 11
Luminosity 2.93 fb! at 3.773 GeV 1 ab!at 3.773 GeV 50 ab’! at Y(nS)
B(DT — uty,) 5.1%stat 1.6%syst [120] 0.28%stat 2.8%stat [66]
v (MeV) 2.6%stas 0.9%sys [120] 0.15%stat .
[Veal 2.6%stas 1.0%sys" [120] 0.15%stat -
B(DT = tTu;) 20%stat 10%syse [121] 0.41%gtat -
B(Dt 5ty 21%stat 13%syse [121] 0.50%stat -

B(DF >uFv,)

Luminosity 6.3 fb! at (4.178, 4.226) GeV

1 ab ! at 4.009 GeV 50 ab ! at Y(nS)

B(DF — utv,) 2.4%gtat 3.0%syst [122] 0.30%stat 0.8%stat 1.8%syst
f;j (MeV) 1.2%star 1.5%syst [122] 0.15%stat -
[Ves| 1.2%gta 1.5%yst [122] 0.15%stat -

B(Df — mtv.) 1.7%stat, 2.1%syse [123] 0.24%stat 0.6%stat 2-7%syst
f (MeV) 0.8%stat 1.1%syst [123] 0.11%gtat _
Vel 0.8%stat 1.1%syst [123] 0.11%stat -

fgsg (MeV) 0.7%star 0.9%syst 0.09%stat 0.3%stat 1.0%syst
[V 0.7%stat 0.9%syst 0.09%stat -
fo+/fp+ 1.4%tar 1.7%syst [124] 0.21%stat -

igg%ﬁ;; 2.9%stat 3.5%syst 0.38%stat 0.9%stat 3.2%syst

(T) invariance can be tested with high precision by
constructing triple-product T-odd observables [132].
This will serve as a sensitive probe of CP violation
mechanisms beyond the Standard Model and of new
physics [133], such as models with multi-Higgs doublets
or leptoquarks. Ref. [134] proposes combined measurements
of D — K {¢*y, and B — K;v to unambiguously determine
the photon polarization in b— sy in a clean way to
probe right-handed couplings in new physics.

Lepton flavor universality (LFU) can also be tested in
charmed meson leptonic decays. LFU violation may
occur in ¢ — s transitions due to an amplitude that
includes a charged Higgs boson, which arises in a two-
Higgs-doublet model, interfering with the SM amplitude
involving a W#* boson [135]. In the SM, the ratio of the
partial widths of D(t) — 7ty, and D& — pty, is
predicted to be

+
R+ = (D) = ) — "', .
D) F(D(t) — uty,) 2 2

Using the world average values of the masses of the
leptons and D [34], one obtains Rp+ = 2.67 £ 0.01 and
Rp+ =9.75£0. 01 The measured values of Rp+ and R,
reported by BESIII are 3.21 4 0.64gu £ 0.434y5 [121] and
9.72 4+ 0.37 [124], respectively, which agree with the SM
predictions. However, these measurements are currently
statistically limited. At the STCF, as listed in Table 2.4,
the statistical precision for RD+ will be comparable to
the uncertainties of the predlctlons in the SM. Hence, it
will provide a meaningful test of LFU via these chan-
nels.

Another LFU test could be performed via the semilep-
tonic decay modes, of which the semitauonic decay is
kinematically forbidden or suppressed. Measurements of
the ratios of the partial widths of D) — huty, over
those of D) — hety, in different ¢? intervals would
constitute a test of LFU complementary to those using
tauonic decays. BESIII has reported precise measurements
of the ratios B(D° — n~pTv,)/B(D° — m~etv,) = 0.922+
0.030 £+ 0.022 and B(DT — a%uTv,)/B(DY = mVeTv,) =
0.964 & 0.037 £ 0.026 [136 |. These results are consistent
with the SM predictions within 1.70 and 0.50 [136],
respectively. These measurements are currently statisti-
cally limited [136, 137], and they could be significantly
improved with 1 ab ! of data taken at the center-of-mass
energy of 3.773 GeV at the STCF.
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For the above LFU tests at STCF, control of systematic
uncertainties will be an essential issue to enhance the
sensitivity. Hence, a double ratio of two different types
of leptonic decay modes could provide significant cancel-
lation of detection systematics in the further measure-
ment.

D%-D°® mixing and CP violation

The phenomenon of meson—antimeson mixing has
been of great interest throughout the long history of
particle physics. In contrast to the B-meson and kaon
systems, C'P violation in the mixing of D mesons has not
been observed. The STCF will be an ideal place for the
study of p0—pO mixing and CP violation. By convention,
the mass states of the two neutral D mesons are written
as

1D1)
D)

= p|D°) +¢|D°),
= pD%) 4D, (22)
where [p|? + |¢|? = 1. The DO-p° mixing parameters are
defined as x = (M, — M;)/T' and y = (', — I';)/(2I'), where
M, , and T, , are the masses and widths, respectively, of
D, ,. Additionally, T' = (T, +T4)/2, and M = (M, + M,)/2.
This system is unique because it is the only
meson—antimeson system whose mixing (or oscillation)
takes place via the intermediate states with down-type
quarks. It is also the only meson—antimeson system
whose mixing parameters x and y are notoriously difficult
to calculate in the SM, as they involve large long-
distance uncertainties in this nonperturbative regime.
One expects = ~ y ~ sin® . x [SU(3) breaking]? as a second-
order effect of the flavor SU(3) symmetry breaking. A
more careful analysis yields the order-of-magnitude esti-
mates z Sy and 1073 < |z| < 1072 [138]. A global fit to
the world measurements of z and y, carried out by the
Heavy Flavor Averaging Group [139, 140], gives intervals
of 1.6x102<z<6.1x103and 52x1073 <y <7.9%
1073 at the 95% confidence level [139, 140]. We see that
the allowed regions for x and y are essentially consistent
with the theoretical estimates (i.e., = <y~ 7 x1073).
Much more precise measurements of these two D°-D°
mixing parameters can be achieved at the STCEF.
Although their accurate values might not help much to
clarify the long-distance effects in D'—D° mixing, they
will be of great help in probing the presumably small
effects of CP violation in neutral D-meson decays and
mixing [141].

The charm sector is a precision laboratory for exploring
possible CP-violating new physics because the SM-
induced CP-violating asymmetries in D-meson decays
are typically in the range of 107* to 1072 [142] and are
very challenging to detect in experiments. The CP-
violating asymmetries in the singly Cabibbo-suppressed
D-meson decays are now expected to be much larger
than those in the Cabibbo-favored and doubly Cabibbo-
suppressed decays [141], where such asymmetries vanish.

There are, in general, three different types of C P-violating
effects in neutral and charged D-meson decays [143]: i)
CP violation in D%-D° mixing, ii) CP violation in the
direct decay, and iii) CP violation from the interplay of
decay and mixing. In addition to these three types of
CP-violating effects in D-meson decays, one may expect
an effect of CP violation induced by K°-K° mixing in
some decay modes with Kgor K; in their final states.
The magnitude of this effect is  typically
2Re(ej)~ 3.3 x 1073, which may be comparable to or
even larger than the charmed CP-violating effects [144,
145]. To date, much effort has been put into searching
for CP violation in p-meson decays. The LHCb collabo-
ration has discovered CP violation in combined
DY - 7t~ and D° — K+K~ decays with a significance
of 5.30. The time-integrated CP-violating asymmetry is
given as

(D~ KYK~)—T(D — K*K~
(D K+K-)+ (D - K+K-
I'D—nata")-T(D—rtr
(D=7t ) +T(D — 7+n—

— (=0.154 + 0.029)%,

Aacp =

)
)
)
)
(2.3)

where D(D) is a D°(D°) at time ¢t=0 [146], and it mainly
arises from direct CP violation in the charm-quark
decay [147]. This result is consistent with some theoretical
estimates within the SM (see, e.g., Refs. [148-155]);
however, the latter involve quite large uncertainties. The
STCF will have a sensitivity at the level of 107 in
systematically searching for CP violation in different
types of charmed-meson decays. In particular, the
advantage of kinematical constraints on the initial four-
momenta of the ete™ collisions will make the STCF
competitive in studies of CP-violating asymmetries in
multibody D decays [156], such as 4-body hadronic
decays and the CP asymmetries therein in the local
Dalitz region. Considering that the CKM mechanism of
CP violation in the SM fails to explain the puzzle of the
observed matter-antimatter asymmetry in the Universe
by more than 10 orders of magnitude [157], there is
strong motivation to search for new (heretofore undis-
covered) sources of CP violation associated with both
quark and lepton flavors. In this context, the charm-
quark sector is certainly a promising playground.

Note that the STCF will be a unique place for the
study of D°-DY mixing and CP violation by means of
the quantum coherence of D° and D° mesons produced
at energy points near the threshold. In fact, a D°D° pair
can be coherently produced through the reactions
ete”™ = (DD p__ at 3.773 GeV and ete” — D'D*0 —
(DD p__ or y(D°DO)p_, at 4.009 GeV. One may
therefore obtain useful constraints on D°-D° mixing and
CP-violating parameters in the respective decays of
correlated D° and DY events [143]. For example, the
DY-D° mixing rate Ry = (2% +y?)/2 can be accessed via
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the same charged final states (K*#%)(K*n¥)or
(K*(Fv)(K*¢Fv) with a sensitivity of 10~° with 1 ab ! of
data collected at 3.773 GeV. Considering ete™ — yD°DO
at 4.009 GeV, the DD pairs are in C-even states, and
the charm mixing contribution is doubled compared
with the time-dependent (uncorrelated) case. With
1 ab! of data at 4.009 GeV, it is expected that the
measurement sensitivities for the mixing parameters (x
and y) will reach a level of 0.05%, and those for |¢/p| and
arg(q/p) will be 1.5% and 1.4°, respectively [158].
Another possible case is that the decay mode
(D°D°) p_y = (fif2)cpz» Where f;and f, are proper
CP eigenstates (e.g., ntn~, K*K— and Kg7Y), is a CP-
forbidden process and can only occur due to CP viola-
tion. The rate for a pair of CP-even final states f, (such
as f, = nt7~) can be expressed as

F++

om0 = [(2% + 9?) (cosh2 am — c0s® @) | T2(D — f4),

(2.4)

where ¢ = arg(p/q), Ry = |p/ql, and a,, = log Ras [159].

CPT is conserved in all locally Lorentz-invariant theo-
ries, including the SM and all of its commonly discussed
When CPT 1is conserved, CP violation
implies the violation of time reversal symmetry (7).
However, CPT violation might also arise in string theory
or some extradimensional models with Lorentz-symmetry
violation in four dimensions. Hence, direct observation
of T violation without the presumption of CPT conser-
vation is very important [160]. Experimental studies of
the time evolution of C'P-correlated D°—D° states at the
STCF could be complementary to the CPT-violation
studies at super B factories and the LHCb experi-
ments [161]. However, this becomes very challenging
with symmetric ete™ collisions, as the produced D
mesons have very low momentum in the laboratory
frame and hence have flight distances that are too short
to be detected. Only an asymmetric ete~ collision mode
can be feasible for such investigations.

The quantum correlation of a D°D? meson pair offers
a unique feature for probing the amplitudes of the D°
decays and determining the strong-phase difference
between their Cabibbo-favored and doubly Cabibbo-
suppressed amplitudes. Measurements of the strong-
phase difference are well motivated from several perspec-
tives: understanding the nonperturbative QCD effects in
the charm sector, serving as essential inputs for extracting
the angle v of the CKM unitarity triangle (UT), and
relating the measured mixing parameters (z/,y’)in
hadronic decay to the mass and width difference parameters
(z,y) [139].

Measurements of the CKM UT angles o, 3, and v in B
decays are important tests of CKM unitarity and
provide another avenue to search for possible sources of
CP violation beyond the SM. Any discrepancy in
measurements of the UT involving tree- and loop-domi-

extensions.

nated processes would indicate the existence of new
heavy degrees of freedom contributing to the loops.
Among the three CKM angles, v is of particular importance
because it is the only CP-violating observable that can
be determined using tree-level decays. Currently, the
world-best single measurement of ~ is from LHCb:
v = (63.8732)° [162]. The precision measurement of v will
be one of the top priorities for the LHCb upgrade(s) and
the Belle II experiment.

The most precise method of measuring ~ is based on
the interference between the Bt — DK+ and BT —
DOK+ decays [163-167]. In the future, the statistical
uncertainties of these measurements will be greatly
reduced by using the large B meson samples collected by
LHCb and Belle II. Hence, limited knowledge of the
strong phases of the D decays will systematically restrict
the overall sensitivity. A 20 fb! dataset collected at
3.773 GeV at BESIII would lead to a systematic uncer-
tainty of ~0.4° for the y measurement [168]. Hence, to
match the anticipated future statistical uncertainty of
less than 0.4° in the future LHCb upgrade II, the STCF
could provide important constraints to reduce the
systematic uncertainty from the D strong phase to less
than 0.1° and enable detailed comparisons of the ~
results from different decay modes.

Rare and forbidden decays

With its high luminosity, clean collision environment
and excellent detector performance, the STCF has great
potential to perform searches for rare and forbidden D-
meson decays, which may serve as a useful tool for probing
new physics beyond the SM. Such decays can be classified
into three categories: i) decays via a flavor-changing
neutral current (FCNC), such as the DO(t) — 410(+)
D% — 4y, DY — ¢t¢=, and D — ¢*¢~X channels (where
¢=-e,pn) and D — vvX, which provide SM-allowed transi-
tions between ¢ and wu quarks; ii) decays with lepton
flavor violation (LFV), such as the DY — ¢t¢~ and
D — ¢+¢'= X channels (for ¢ # ¢'), which are forbidden in
the SM; and iii) decays with lepton number violation
(LNV), such as the DT - ¢T¢+*X~and D} — (To+X-
channels (for either ¢=¢or ¢#¢), which are also
forbidden in the SM. The discovery of neutrino oscillations
has confirmed the occurrence of LFV in the lepton
sector, and LNV is also possible if the massive neutrinos
are Majorana particles. It is therefore needed to search
for the LFV and LNV phenomena in the charm-quark
sector.

Although FCNC decays of D mesons are allowed in
the SM, they can only occur via loop diagrams and
hence are strongly suppressed. The long-distance dynamics
are expected to dominate the SM contributions to such
decays, but their branching fractions are still tiny. For
instance, B(D° = yy)~1x10"%and B(D— ptp~)~
3 x 10713 in the SM [169], but they can be significantly
enhanced by new physics [170]. The current experimental
bounds on these two typical FCNC channels are
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B(D® = ~yy) <85x10"7"and B(D° — ptp~) <6.2x107°
[34]. However, the semileptonic decays D® — rtr—putp~,
Kt*K—p*p~and K -atupTp~ have been observed at
LHCb with BFs at a level of 1077 [34]. In addition to the
removal of helicity suppression dominating the highly
suppressed BF for D° — u+u~, the observed BFs for the
semileptonic decays indicate nontrivial contributions
from complicated long-distance effects. At the STCF, it
will be better to study di-electron modes of the form
D —ete~X [171 ], which will provide sensitivities of
10781072 for me+.- in the range less polluted by long-
range resonance contributions. Compared to Belle II and
LHCb, the STCF has competitive sensitivities in channels
that contain neutral final states, such as photons and =,
benefit from the almost full acceptance and quasi back-
ground-free advantages. Furthermore, BESIII carried
out world-first search for charmed meson decays into di-
nutrinos D° — 7% w and set the upper limit of
B(D° — 7%7) to be 2.1 x 1074 [172]. The STCF has the
advantage of best constraining the upper limits on the
BFs for D rare decays with neutrinos, such as D — 70w
and D% — yww.

No evidence has been found for forbidden D,-meson
decays with either LFV or LNV or both of them. The
present experimental bounds on the LFV decays are
generally at the level of 1076 to 107® (with the exception
of B(D®— p*eT)<1.3x107%) [34]. The STCF will
provide more stringent limits on such interesting LFV
and LNV decay modes, with a sensitivity of 1078 to 10~
or smaller, taking advantage of its clean environment
and accurate charge discrimination.

Charmed-meson production and spectroscopy

The STCF will also act as a good playground for
studying the production of charmed mesons and exploring
charmed-meson spectroscopy. To date, all of the 15 and
1P Dy states have been found in experiments [123, 173].
However, almost all of the other predicted excited states
in QCD-derived effective models are missing. Further-
more, many excited open-charm states have been
reported in experiments, and attempts to formulate an
understanding of their nature remain controversial.
Some of them are candidates for exotic mesons. For
instance, the narrow D7,(2632) state was observed by
SELEX, but CLEO, BaBar and FOCUS all reported
negative search results. The unexpectedly low masses of
the D?,(2317) and D,;(2460) have given rise to various
exotic explanations, such as the D®K molecule
state [82]. It has been claimed that strong S-wave D™ K
scattering contributes to the mass drop. Thus, further
systematic research on the open-charm meson spectra is
highly desired.

At the STCF, it will be possible to produce excited
charmed-meson states D** via direct ete™ production
processes, such as ete” — D**D™(x), in the energy
range from 4.1 to 7.0 GeV. This will allow higher excited
open-charm states to be studied through their hadronic

or radiative decays [174] to lower open-charm states.
Systematic studies at the STCF on the open-charm
meson spectra will provide important data for exploring
nonperturbative QCD in the charm regime and testing
various theoretical models.

2.3.2  Charmed baryons

Theoretical interest in hadronic weak decays of charmed
baryons peaked around the early 1990s and then faded
away. Nevertheless, there have been many progress in
recent charmed baryon experiments in regard to
hadronic weak decays of Af. BESII has played an
essential role in these new developments. Motivated by
the experimental progress, theoretical activity is growing
in the study of hadronic weak decays of singly charmed
baryons.

Charmed baryon spectroscopy provides an excellent
basis for studying the dynamics of light quarks in the
environment of a heavy quark. In the past decade, many
new excited charmed baryon states have been discovered
by BaBar, Belle, CLEO and LHCb. B decays and the
ete” — cc continuum are both very rich sources of
charmed baryons. Many efforts have been made to identify
the quantum numbers of these new states and to under-
stand their properties.

Hadronic weak decays

Hadronic weak decays of singly charmed baryons,
especially the two-body decay modes, provide essential
inputs to understand the dynamics of strong interaction
in the charm sector.

o Nonleptonic decays of singly charmed baryons

A, decays

The branching fractions of the Cabibbo-allowed two-
body decays of AT are listed in Table 2.5. Many of these
decays, such as St¢, E®WK®+ and At+K~, can proceed
only through W exchange. Their experimental measure-
ments imply the importance of W exchange, which is
not subject to color suppression in charmed baryon
decays. Both Belle [175] and BESIII [176] have measured
the absolute branching fraction of the decay
AF —pK—nt. An average of (6.2840.32)% for this
benchmark mode is quoted by the PDG [34]. Further-
more, the doubly Cabibbo-suppressed decay Af— pKTn~
has been observed by Belle [177] and LHCb [178]. To
complete the knowledge on the two-body decays, it is
important to search for pK°*) and nK*®*) which are
doubly Cabibbo suppressed.

Various theoretical approaches to weak decays of
heavy baryons have been investigated, including the
current algebraic approach, the factorization scheme, the
pole model, the relativistic quark model, the quark
diagram scheme and the SU (3) flavor symmetry. In
general, the decay rates predicted by most models
except the current algebraic scheme are below the exper-
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Table 2.5 The measured branching fractions of the Cabibbo-allowed two-body decays of A} (in units of %) taken from the
PDG [34]. We have included the new BESIII measurements of A7 — Ap™, £*t7% and $*%7F [179].

Decay B Decay B Decay B

AF — AnT 1.3040.07 AF = Apt 4.06 & 0.52 AF - ATTK™ 1.08 £0.25
AF = X07F 1.2940.07 AF = 20t AF - 207t 0.6540.10
AF 5 2tg0 1.2540.10 AF =5 2t)p° <17 AF 5 otg0 0.59 + 0.08
AT =¥ty 0.4440.20 AT = 2Tw 1.704£0.21 AT — 3Ty 1.0540.23
AF = oty 1.540.6 AF 5Tt 0.38+0.06 AF = oty

AY - 2K 0.5540.07 A = 2K A - 20Kt 0.4340.09
AY = pKs 1.5940.08 A — pK*© 1.96+0.27 A = ATK®

imental measurements. Moreover, the decay asymmetries
of the two-body hadronic weak decays of charmed
baryons, defined as az%,
Here, s and p represent the parity-violating S-wave and
parity-conserving pP-wave amplitudes in the decay,
respectively. The pole model as well as the covariant
quark model and its variants all predict a positive decay
asymmetry o for both A} — $+7% and ¥07F; however, it
was measured to be —0.4540.3140.06 for Xt70 by

CLEO [180]. In contrast, the current algebraic approach
always leads to a negative decay asymmetry for the two
aforementioned modes: —0.49 in [181], —0.31 in [182],
—0.76 in [183] and —0.47 in [184]. The issue with the sign
of ay+ro has finally been resolved by BESIII and Belle.
The decay asymmetry parameters of A} — Ax+, X0x+F,
Y+a0 and pKg were all recently measured by
BESHI [185]; for example, astmo =—0.57+0.12 was

obtained. Hence, the negative sign of as+,0 measured by
CLEO has been confirmed by BESIII. Later, Belle
confirmed the negative sign with the result of
astqo = —0.46340.018 [186].

=. and €2, decays

can be investigated.

The absolute branching fractions of =0 — =~ 7+ and
Ef — E-ntat were measured by Belle [187, 188] to be

B(EY - 2 7") = (1.80 £ 0.50 + 0.14)%,

B(ES - = ntrT) = (2.86 + 1.21 £ 0.38)%. (2.5)

From these measurements, the branching fractions of
other =Y and Z=I decays can be inferred. No absolute
branching fractions have been measured for the Q% The
hadronic weak decays of the Q0 have been theoretically
studied in great detail in [189], where most of the decay
channels of Q0 decays were found to proceed only
through the W-exchange diagram.

It is conceivable that nonleptonic decay modes of A
and =10 could be measured at the STCF with significantly
improved precision. Priority will be given to the decay
asymmetries « in various charmed baryon decays and
the absolute branching fractions of Q0 decays.

¢ Charm-flavor-conserving nonleptonic decays

There is a special class of weak decays of charmed
baryons that can be studied reliably, namely, heavy-

flavor-conserving nonleptonic decays. Some examples are
the singly Cabibbo-suppressed decays =, — A.m and

Q. — Z.r. In these decays, not only the light quarks
inside the heavy baryon will participate in weak interac-
tions, but the charm quark also contributes to the W-
exchange diagram through the transition cs — de. The
synthesis of the heavy quark and chiral symmetries
provides a natural setting for investigating these reac-
tions [190]. The predicted branching fractions for the
charm-flavor-conserving ~ decays =% — Afx~ and

EF — Afqa0 in early days were of the order of 1073-10-*
[190]. Recently, the first measurement of the charm-
flavor-conserving decay =0 — Afsx~ was achieved by
LHCb, with a branching fraction of (0.55+0.02+0.18)%
[191], which is confirmed later by Belle [192]. The theo-
retical estimates of B(Z.— A.r) have been improved
recently in [193-195]. The STCF should be able to cross-
check the current measurements and search for another
c-flavor-conserving weak decay, namely, =+ — AF#0.

Semileptonic decays

Exclusive semileptonic decays of charmed baryons,
namely, AF—Aet(u e, EF—E% v, and E0—E"et v,
have been observed experimentally. Their rates depend
on the B, — B form factors f;(¢?) and g;(¢?) (i =1,2,3),
defined as

(B (pf) |Vl Be(pi)) = s (pp) [f1(6*) v + if2(0%) 0 q”
+ f3(6°)qu]ui(pi),
(By(pp)|AulBe(pi)) = s (ps)91(6°) v + ig2(a*) 00 d”

+ 93(¢%)qulysui(pi).
(2.6)

These form factors have been evaluated using the
nonrelativistic quark model [196-199], the MIT bag
model [196], the relativistic quark model [200-202], the
light-front quark model [203], QCD sum rules [204-206]
and lattice QCD [207, 208]. Many of the early predictions
of B(A] — AeTv,) are smaller than the first measurement
of the absolute branching fraction of (3.6+0.4)%
reported by BESIII [209]. However, the lattice QCD
calculations in [207] show good agreement with the
experimental results for both A} — AeTv, and
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Table 2.6 Electromagnetic decay rates (in units of keV) of S-wave charmed baryons in heavy hadron chiral perturbation

theory to LO [210,211], NLO [212] and NNLO [213].

TE = Ay Spt o Ay ST s APty B0 B)y BN 5 Ely Bt 5 Ely B Ely EP 5 Ely 80— Oy
LO 91.5 150.3 1.3 1.2 19.7 63.5 0.4 1.0 0.9
NLO 164.2 893.0 11.6 2.9 54.3 502.1 0.02 3.8 4.8
NNLO 65.6 161.8 1.2 0.49 5.4 21.6 0.46 0.42 0.32
AF — Aptv,. Needless to say, the semileptonic decays of can be studied in baryons as well. However, the
A} (including the yet-to-be-observed A} — nety.), 29 predicted CP-violating asymmetries are small for

and Q0 which can be used to discriminate between
different form-factor models, will be thoroughly studied
at the STCF.

Electromagnetic and weak radiative decays

The electromagnetic decays of interest in the charmed
baryon sector are the following: (i) %.— A.+v and
BBty (i) Z¥—oA.d+vyand B E 4y (i)
Y4y, =24y and Q= Q.+~v; and (iv)
Ao(2595,2625) — A+~ and Z.(2790, 2815) — S, + 7.
Among them, the decay modes =0 — =0y, =i+ - =ty
and Q% — QY% have been experimentally observed.

The calculated results of [210, 211], [212] and [213],
denoted by (i), (ii) and (iii), respectively, in Table 2.6,
can be regarded as the predictions of heavy hadron
chiral perturbation theory (HHChPT) to the leading
order (LO), next-to-leading order (NLO) and next-to-
next-to-leading order (NNLO), respectively. It is not
clear why the predictions of HHChPT to NLO are quite
different from those to LO and NNLO for the following
three modes: ¥+t — Aty, ST — SF*ty and =it — EFy.
It is naively expected that all HHChPT approaches
should agree with each other to the lowest order of
chiral expansion provided that the coefficients are
inferred from the nonrelativistic quark model. This issue
can be clarified by the STCF through the measurement
of these decay rates.

Very recently, Belle observed the electromagnetic
decays of the orbitally excited charmed baryons =.(2790)
and =.(2815) for the first time [214]. The partial widths
of =.(2815)% — =% and E.(2790)° — =%y were measured to
be 320 + 4513 keV and ~ 800 keV, respectively. However,
no signal was found for the analogous decays of
=.(2815)* and =.(2790)7.

Weak radiative decays such as A} — Xty and
AFf - py can proceed through the bremsstrahlung
processes cd — usy (Cabibbo allowed) and cd — udy
(Cabibbo suppressed), respectively. Upper limits on the
branching fraction of the former have been set to be
2.6 x 107* and 4.4 x 10~* by Belle [215] and BESIII [216],
respectively, which are in agreement with standard
model expectations.

CP violation

The CKM matrix contains a single phase that implies
the existence of C' P violation. This means that CP violation

charmed baryons. The search for CP violation in
charmed baryon decays has gained new momentum with
the large samples of A, obtained by BESIII and LHCb.
For two-body decays of the A}, CP violation can be
explored through the measurement of the CP-violating
asymmetry A = (a+ a)/(a — @), which corresponds to the
asymmetries « for the AT decays and a for the A7 decays.
For example, the most precise single measurement of A
in A - AK*and A; - AK~ is reported by BELLE to
be (—58.5+4.94+ 1.8)% [186]. At the STCF, much more
sensitive searches for CP violation will be carried out by
combining single-tag AF data [185] with double-tag
AFA; data, where the AT A7 pairs are quantum correlated
in regard to the alignment of their spins with the initial
spins of the virtual photons. In particular, with polarized
beams [217], the unique advantage of enhanced sensitivities
to the decay asymmetries and CP violation can be
achieved with prior knowledge of the spin direction of
the produced Af. Regarding three-body decays, LHCb
has measured AAqp as the difference between the CP
asymmetries in the AT — pKTK~ and AT — prtn~ decay
channels. The result is AAgp = (0.30 +0.91 +0.61)% [218],
to be compared with the generic SM prediction of a fraction
of 0.1% [219]. To probe the SM contribution to such
asymmetries, it will be necessary to increase the available
statistics by at least a factor of 100.

For A} decays with multiple hadrons in the final state,
such as AF —=pK—ata0, AY — Antatr and
A} — pKgrtn~, CP violation can be exploited through
several T-odd observables. By virtue of its characteristics
of high luminosity, broad center-of-mass energy accep-
tance, abundant production and a clean environment,
the STCF will serve as an excellent platform for this
kind of study. A fast Monte Carlo simulation [220] of
1 ab ! ete~ annihilation data at /s = 4.64 GeV, which is
expected to be available at the future STCF, indicates
that a sensitivity at the level of (0.25-0.5)% is accessible
for the three abovementioned decay modes. This will be
sufficient to measure nonzero CP-violating asymmetries
as large as 1%.

Spectroscopy

The observed antitriplet and sextet states of charmed

baryons are listed in Table 2.7. At present, the J¥ = %Jr,
1= 3% 37 and %+ antitriplet states of A, and =, and the

2020
JP = %+ and g+ sextet states of Q., =/, and %, have been
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Table 2.7 Antitriplet and sextet states of charmed baryons. The mass differences Amz_a, =m=, — ma,,
Amz: s, = mz, —ms,, and Amgq_z; = mg, — mz, are all in units of MeV.
JF(nL) States Mass difference(s)
3 3Tas) Ao (2287)%, 2.(2470)*, 2.(2470)° Amz,a, =183
3 (1P Ac(2595)F, E.(2790)T, E.(2790)° Amz,a, = 198
5 (1P) A.(2625)", 2.(2815)", 2.(2815)° Amz, s, = 190
1729 Ao (2765), 2.(2970)*, 2,(2970)° Amsz, . =200
3t(1p) Ac(2860), 2.(3055)", Z.(3055)° Amz.a. = 201
2ap) A(2880), Z.(3080)", Z.(3080)° Amz,a, =196
6 1tas) 0.(2695)°, =.(2575) 70, 5. (2455) T 0 Amg, =, =119, Amz s, =124
3ras) 0.(2770)°, 2.(2645) 10, £.(2520)tT+:0 Amg, = =120, Amz p, = 128

established. The highest state A.(2940)* in the A. family
was first discovered by BaBar in the D% decay
mode [221], but its spin-parity assignment is quite
diverse (see Refs. [123, 222] for review). The constraints
on its spin and parity were recently found to be J¥ =3~
by LHCb [223]. It was suggested in Ref. [224] that the
quantum numbers of A.(2940)" are likely to be { (2P)
based on the Regge analysis. However, it was argued in
Ref. [225] that A.(2940)* is a 37 (2P) state and that there
exists a state 1~ (2P) higher than the A.(2P,3/27). This
issue can be clarified by the STCF.

In 2017, LHCDb explored the charmed baryon sector of
the Q. and observed five narrow excited Q. states decaying
into ZHK—: Q,(3000), 2.(3050), Q.(3066), ©.(3090) and
2.(3119) [226]. With the exception of the Q.(3119) state,
the first four states were also later confirmed by
Belle [227]. This has triggered considerable interest in
the possible identification of their spin-parity quantum
numbers. In addition to the five previously observed
excited Q0 states, LHCb has recently reported two new
excited states, .(3185)and .(3227), observed in the
=+ K~ spectrum [228].

Within the energy region of the STCF up to 7 GeV, it
will be feasible to study the spectra of the singly
charmed baryon states A., X, Eg/), Q. and their excited
states in the energy range of 5—7 GeV. It will be important
for the STCF to explore their possible structure and
spin-parity quantum number assignments, especially for
the five new narrow . resonances. If the energy region
were to be extended to above 7.4 GeV, the production of
the doubly charmed baryon = would also be allowed.
This would enable a more detailed study of the recently
discovered doubly charmed baryons.

2.4  Tau physics

At the STCF, as many as 3.5 x 10° 77~ pairs can be
produced per year at /s = 4.26 GeV, which is approximately
3 orders of magnitude higher than the currently accumu-
lated number of 7+7~ events at BESIII. At the production

threshold, there could be as many as 10% 77~ events per
year. Under near-threshold conditions, data from just
below the threshold can be used to understand the back-
ground to achieve better control over systematic errors
compared with BESIIT [229]. In this regard, the STCF
has advantages over both LHCb and Belle II for 7
physics studies. In the energy range covered by the
STCF, good control can also be exerted over the polar-
izations of the e™ and e~ beams to extract new information
about 7 physics. The STCF will tremendously increase
the statistical significance for r-related physics studies
and will reach a level of precision that has never been
achieved before.

The 7 lepton occupies a unique place in the SM. Being
the heaviest charged lepton, it has many more decay
channels than the next lighter charged lepton, the muon
(u). With an unprecedented number of 7s produced not
far from the threshold and possible polarization information
at the STCF, one can gain more precise knowledge of
not only the properties of the 7 itself but also how it
interacts with other particles; thus,
precisely determine the SM parameters, probe possible
new interactions and possibly also shed light on some of
the related anomalies in particle physics. In the follow-
ing, we describe some of the interesting subjects in 7
physics that can be addressed at the STCF.

one can more

2.4.1  Precision measurement of the 7 properties

To test the SM and search for new physics in the =
sector, it is important for the properties of the 7 to be
known with great precision. Here, we list a few measure-
ments at the STCF that can improve our understanding
of the 7 properties.

7 mass and lifetime

Many of the tests for the SM and beyond involve
precise measurements of the 7 mass (m,) and lifetime.
While at the threshold for r%t7~ pair production,
measurement of the 7 lifetime is difficult, at the high-

M. Achasov, et al., Front. Phys. 19(1), 14701 (2024)

14701-23



Fo > FRONTIERS OF PHYSICS

REPORT

energy (5-7 GeV) end of the STCF range, it could be
possible to measure it by reconstructing the 7+~ vertex.
With sufficiently high statistics, there is a chance to
improve the measurement of the r lifetime, for which a
more dedicated study would be needed. On the other
hand, the mass measurement can also be improved. The
mass has been measured at the 70 ppm level, with a
world average of m, = 1776.86 & 0.12 MeV [34]. In charged-
current induced leptonic decays, T — v.liy (I =e,u), the
decay widths are proportional to the fifth power of m..
Consequently, a small error in the mass can cause signif-
icant deviations in tests of the universality of the SM
and in the search for new physics. At the STCF, the
number of 7s produced may be one to three orders of
magnitude greater than at BESIII, which will greatly
enhance the statistical significance achieved. With
further improvements in particle ID and energy
measurement capabilities, the improved sensitivity can
increase the accuracy by a factor of 7 to reach a level
better than 10 ppm. This improved 7 mass measurement
will consolidate the basis for any further r physics stud-
ies. It should be noted that with high precision foreseen,
the formation of the ditauonium state cannot be ignored
in the 7 mass measurement [230].

Measurement of a, = (g, — 2)/2

The anomalous magnetic dipole moment of the 7
lepton, a,, is another property of fundamental impor-
tance. The corresponding a; values for the electron and
muon have been measured to high precision. For the
electron, there is a 20 deviation between the measurement
and the SM prediction, Aa, = a® — a3M = —78(36) x 1014
[231]. On the other hand, there is a longstanding and
larger discrepancy for the muon moment a,, which is
currently being measured at Fermilab and J-PARC.
Very recently, Fermilab reported their new result from
the Run 1 measurement [232]. Upon combining it with
previous data from BNL, the discrepancy is now
Aay = af® —aSM = (251 £59) x 107!, and its significance
level has been enhanced from 3.70 to 4.20. As this may
be an indication of new physics, it has motivated extensive
theoretical studies within the SM and beyond to understand
possible causes. It is therefore important to test whether
there is also a deviation in a,. This is especially important
for testing models of new physics that include states
whose couplings are proportional to mass.

However, the measurement of a, is drastically different
from that of a., due to the short lifetime of the 7. The
SM prediction for a, is 1177.21(5) x 1076 [233]. Currently,
a, has been measured from the production cross section
for 7 pairs together with the spin or angular distributions
of the 7 decays; for instance, the current bounds of
—0.052 < a, <0.013 (95% C.L.) were obtained by the
DELPHI collaboration [234] from the cross section for
the process ete™ — eTe™7t7r~ under the assumption that
the SM tree-level result is modified only by the anomalous

magnetic moment. These measurements are still far from
constituting a precision test for the SM, and conventional
measurements through similar processes may never
reach the necessary level of precision. To overcome this
bottleneck, a new method has recently been proposed in
Ref. [235], in which it was found to be feasible to reach
a precision level of 1.75 x 1075 at Belle II before considering
systematics. In addition, it was shown some time ago
that in ete™ — 77~ with a polarized electron beam, it
would be plausible to achieve this precision goal at the
STCF by measuring the transverse and longitudinal
polarizations of the 7 lepton [236]. It has been argued
that if 777~ pairs are produced on top of the narrow
Y(15,25,3S) resonances, with a very well-controlled
background near the threshold, a precision even better
than that of Belle II can be expected. Nevertheless, it
has also been pointed out in Ref. [237] that an energy
spread with ete™ beams on the order of a few MeV,
which is likely to occur, would make such a measurement
impractical because the resonant contributions would be
contaminated by nonresonant ones of at least similar
size, which would need to be subtracted to extract the
dipole moment. In addition, the momentum transfer is
too large to be directly related to dipole moments. The
authors of Ref. [237] proposed another method of
measuring dipole moments, i.e., by means of radiative
decays of the form 7= — I~v, . However, they estimated
that the sensitivity to a, would be approximately 0.085
(0.012) using the full data of Belle (Belle II), which offers
no meaningful improvement compared to the sensitivity
of 0.017 at DELPHI, and the sensitivity to d? cannot be
improved either. Therefore, more critical studies are
needed.

2.4.2  Determination of the SM parameters

The 7 lepton has well-defined interactions with other
particles in the SM. The experimental measurements are
consistent with the SM predictions [238]. With a large
sample of 7s, many of the interaction parameters in the
SM can be determined with great precision. Here, we
discuss some of the most important of these tests: the
universality properties, the Michel parameters, the
strong coupling constant g, and the element V,, in the
Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix.

The universality test

The charged-current interaction of the left-handed
leptons with the W boson is described by

i

V2

where P, = (1 —~5)/2. The term “charged lepton univer-
sality” refers to the fact that g. = g, = g,. This is indeed
the case in the SM but is not necessarily so in models
beyond the SM. Therefore, these quantities can be

L=—

liy" PLyiW,7 + H.C,, (2.7)
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measured to test the SM. One can obtain the following
[239] using  the very good  approximation
B(p — every(v)) = 1

Ir \/B<T— = 1D (7))

Je

5
am Frorr

g _ \/B(T_ — e e (y))

5
m Tr M7

(2.8)

where F.(m;,m;) includes radiative corrections and
corrections due to the different charged lepton masses.
The current data g,/g. = 1.0029 £ 0.0015, 9u/ge = 1.0019%+
0.0014, and g,/g, = 1.0010 £0.0015 [239 | are consistent
with the prediction of universality. As discussed earlier,
by improving the measurement of the value of m, to a
level better than 10 ppm, the universality prediction
could be tested at a level more than 3 times better to
constrain the allowed room for new physics.

Universality tests could also be carried out by combining
the decays 7 — Pv, and P — Iy (with P=rm and K, | = p
and e, and v, =y, and v.), as the ratio of their decay
widths is proportional to g2/g¢?:

5 DT = Pr)m/(m2 —m3)* g2 29)

T TP - m) mp/(m% —m2)® 9}

All these decays have been measured experimentally,
with  B(r~ — 77v,) = (10.82+£0.05%, B(t~ = K v,) =
(6.96 +0.10)%, B(r~ — p~9,) = (99.98770 & 0.00004)%,
B(r~ — e 0.)=(1.230 £ 0.0004)%, B(K~ — u~7,)=(63.56+
0.11)%, and B(K~ — e~ 7,) = (1.582 4 0.007)10~° [34]. The
error bars for the 7 — 7(K)v, decays are presently not as
good as those for the pure leptonic 7 — vl decays and
yield a weaker constraint. However, with improved
sensitivity for 7 — 7(K)v, (and especially with more
monochromatic n(K) data near the 77~ production
threshold) at the STCF together with improved higher-
order theoretical corrections, these decays will provide
complementary universality tests.

The Michel parameters

Decays of the form provide sensitive
constraints on other forms of interactions due to new
physics. Barring exotic interactions such as tensor
couplings, the most general form of new physics can be
parameterized in terms of the Michel parameters p, 5, €,
and § [34]:

T = v,

U (r — lgr,) 9673
z?dzdcosd  GZm2

8 m

T

— P& cosf [(1 —x) 4§ (iﬂc - 2)] ' (2.10)

(1)

where P, is the degree of T polarization, z = E;/E>, and
0 is the angle between the 7 spin and the [ momentum
direction. In the SM, the Michel parameters are

3 3
_S 0 6 =1 68 =5 2.11
pL="7, S &0 1 (2.11)
Experimentally, the values are [34]
pe = 0.747 £ 0.010, p,, = 0.763 & 0.020,
§e = 0.994 £0.040, &, = 1.030 & 0.059,
1e = 0.013 £0.020, 7, = 0.094 & 0.073,
(€6)e = 0.734 4 0.028, (£0), = 0.778 £0.037. (2.12)

Again, the experimental measurements are consistent
with the SM predictions.

With the production of a larger number of 7s and
improved sensitivities, the STCF will be capable of
reducing the error bars by at least a factor of 2. In addi-
tion, rare decays such as radiative leptonic decays
[240-242] and multi-charged-lepton decays [237, 243] can
also be studied at the STCF. This will help to examine
the SM electroweak interactions and place limits on new
physics contributions.

Extraction of the strong coupling o,

It is well known that the strong coupling constant a
can be extracted from the following ratio [244]:

I'(t— — v;hadrons)

R, =
(= = vre 7)

(2.13)
The theoretical predictions of this ratio have been carefully
examined in [245, 246]. In accordance with the structure
of the weak interactions and the classification of the
final states, the ratio can be decomposed as follows:

R =Ryud+ Raua+ Rrs. (2.14)

Here, R, , is the contribution from final states containing
an s quark, while Ry ,4 (Ra.q) comes from nonstrange
final states involving an even (odd) number of pions.
Each term contains perturbative and nonperturbative
contributions. The perturbative are
currently determined at the 5-loop level, while the
nonperturbative contributions are estimated via QCD
sum rules. Because of the large quark mass m,, a large
power correction exists in R, 5, whose theoretical estimate
therefore cannot reach the level of precision of Ry ,, and
Ra wa- The analysis presented in [238] gives the value

a,(my) = 0.331 £ 0.013, (2.15)

contributions

with one set of parameterizations of nonperturbative
contributions. To improve the determination, an experi-
mental study at the STCF will be important. Specifi-
cally, a precise measurement of R, and the spectral
function containing the strange quark will help to under-
stand the nonperturbative contributions and to precisely
extract the CKM matrix element V.
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Extraction of the CKM matrix element V,, Ao _B(rt = Kéntv.) — B(t~ = Kén v,)
- + 0+ — 0, —
The experimental study of hadronic decays of 7 has B(r+ — Kgmtor) + B(r™ — Kgn~vy)
=(+0.36 £0.01)% . (2.18)

yielded one of the most precise measurements of V,, to
date. There are two main methods of determining this
parameter. One is by measuring the ratio of the decay
widths for 7= = 77v, and 7~ — K~ v,, and the other is
by measuring the ratio R, = Ryuis+ Raud+ Rrs as

discussed earlier. Theoretically,

B(r = K v;) [ Vus]® (m2 —m3)? 1+ R,/
B(t= =7 vr)  f2|Vua|* (m2 —m2)? 14 6R,,
-(L+0Rk/x)
R; s
[(Rvud + Raus)/|Vudl? — 0 Riheory]

‘Vu5|2 =

(2.16)

With the known values from theoretical calculations
and  experimental measurements [239], namely,
fx/ f==1.1930 £0.0030, V,,q=0.97417 £0.00021, 14 6R;/x =
1+(0.90 £0.22)%, 146R,/»=1+(0.16 £ 0.14)%, 1+ 6Ry)r =
14 (-1.13£0.23)%, and  §Rpeory = 0.242+0.032, one
respectively obtains the following results from the above
two methods:

Vius|r i/ = 0.2236 £ 0.0018,

[Vis|7s = 0.2186 = 0.0021. (2.17)

The first value is 1.1 ¢ away from the value determined
1— |Voal? = 0.2258+
0.0009, and the second is 3.1 ¢ away from |V,4|um. These
deviations need to be further understood with better

by the unitarity relation, |Vi|ui ~

precision before evidence of new physics beyond the SM
can be claimed.

The STCF can measure the values of R; and may
therefore confirm or refute these deviations.

2.4.3  CP symmetry tests

How CP symmetry is broken may hold the key to why
our universe contains more matter than antimatter. The
violation of C'P symmetry is one of the required conditions
to understand this. There is insufficient CP violation in
the SM to explain this fundamental question affecting
our very existence in the Universe, and therefore, new
sources of CP violation are demanded. The search for
new CP-violating effects is one of the most active areas
in particle physics. Physical processes involving the r
lepton are potential sectors in which new CP-violating
effects may appear.

CP violation in 7= — K2n~ v,
In the SM, because of the CP violation in K°K°

mixing, a detectable CP-violating effect is predicted for
this process [247, 248]:

While Belle observed no CP violation in the angular
distributions for the exclusive decays [249], BaBar
yielded a value of Ag=(-0.36+£0.23+0.11)% for the
inclusive decays with > 070 in the final states [73], which
is 2.80 away from the SM prediction.

The above deviation represents a challenge to the SM.
Theoretical efforts have been made to reconcile this
deviation. However, even with beyond-the-SM effects
included, it is not easy to obtain the central value of the
BaBar data. The STCF can provide a crucial check with
a large number of 77~ pairs produced not far from the
threshold, where the background can be well controlled.
At the STCF, the expected luminosity of 1 ab!/year at
an energy of 4.26 GeV can allow a statistical sensitivity
of 9.7x10"*to CP violation to be reached. With 10
years of operation, the sensitivity can reach 3.1 x 10~*
[250], which will be comparable to the sensitivity of 107*
projected for Belle II with a luminosity of 50 ab! [251].
The STCF can thus provide crucial information for
resolving the A, discrepancy.

Measurement of the electric dipole moment of
the 7

The initial state of an ete™ pair in the center-of-mass
system is a CP eigenstate. Therefore, CP tests can be
conveniently performed at any eTe™ collider. By measuring
the decay products from 7 decays, a CP test can be
conducted based on the ete™ — 777~ process, as
suggested in [252, 253]. By measuring CP-odd observ-
ables, one can determine the electric and weak dipole
moments of the 7. In the SM, these moments are
predicted to be extremely small (for example, the electric
dipole moment is expected to be on the order of 10734 e
cm). If either of the two moments is nonzero at a level
much larger than the SM predictions, it will be a clear
signal of new physics beyond the SM. These two
moments have been studied at LEP and B factories.
While the weak dipole moment is suppressed at low
energy by the large masses of the weak gauge bosons,
the electric dipole moment 4 can be probed at B and -
charm factories. The newest result for the electric dipole
moment obtained from the Belle experiment [254], in
units of 10716 e cm, is

—0.22 < Re(d)) < 0.45, —0.25 < Im(d2) < 0.08.

(2.19)

These bounds can be tightened by 2 or 3 orders of
magnitude through experiments at the STCF.

CP violation with polarized beams

With polarized et and/or e~ beams, highly polarized
7%s can be produced. = polarizations normal (N) to their
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production plane can be measured by studying semileptonic
decays of the form 7% — 7%/p*p.(v,). One can then
construct asymmetry observables with respect to the left-
hand (L) and right-hand (R) sides of the plane, which
are directly related to the electric dipole moment of the
r+ [255):

+ +
op —0g 33 2m;

At = =
N o OH[8(3—52) e

Re(d?),  (2.20)

where o is the cross section for ete™ — r7t7= — (a2t /p")
U (= [p ) vry, B=+/1—4m2/s, and ay is the polarization
analyzer in the 7+ — 7% /p*p, (v,) decays. Belle II can
reach a sensitivity of 3 x 10719 e cm with an integrated
luminosity of 50 ab~!. At the STCF, the sensitivity can
be improved by a factor of approximately 30, reaching
10720 ¢ cm.

With polarized et and e~ beams, one can also
construct new 7T-odd observables to measure C' P-violating
effects. An interesting observable is the triple product
pP7 T2 (prt X pyo) from measuring the two pion momenta
in the 7+ — 74790, (v,) decays [256]. Here, P] = [(w.-+
Wet )/ (1 + werwe-)][(1 4 2a)/(2 + a?)] is the component of
the polarization vector of the r obtained upon averaging
over its momentum direction, with w.+ being the compo-
nents of the polarization vectors of the e* in the e~
beam direction 2 and a = 2m, /\/s. If the difference in the
triple products for 7+ and 7~ is nonzero, this will be a
signal of C'P violation. Since the SM predicts very small
values for the triple products, the measurement of a
nonzero difference would already signal new physics
beyond the SM. This measurement can be done at the
STCF to provide new information about sources of CP
violation. Similar measurements can be carried out by
replacing 7% with K.

2.4.4  Flavor-violating 7 decays

FCNC interactions of the 7 are suppressed in the SM
when the neutrino masses and mixing are incorporated.
In new physics models beyond the SM, larger FCNC
effects may appear in some decays, such as 7 decays into
3l, Iy, and one or more hadrons plus charged leptons.
With the increased statistics for = events at the STCF,
these decays can be searched for to test the SM and
beyond.

The 7= — 3l decay

The 7= — 31 decay is one of the most sensitive probes
of FCNC interactions. The current upper bound is on
the order of 1078. At Belle II, upon the accumulation of
50 ab~! of integrated luminosity, the sensitivity can reach
4 x 10719 When running the STCF at its peak energy
(Vs = 4.26 GeV), it will be possible to produce 3.5 x 10° 7
pairs each year, which could be used to push the
branching fraction down to a level of 1.9 x 10710 with
10 ab ! of luminosity [257].

The 7= — Iy decays

Equally interesting are the r — [y decays, where [ =e¢
and p. The current limits for these decays are also on
the order of 1078, Since initial-state radiation effects are
strongly suppressed near the 77~ production threshold,
the STCF has an advantage over B factories in a search
for these decays [258]. At the STCF, the sensitivity for
the branching fraction of 7 — uy will be able to reach
around 5.7 x 1072 with 10 ab ! of luminosity [259].

The = — 1P, P, decays

The 7+ — I*P, P, decays, where P, = and K, have
been previously searched for with a sensitivity on the
order of 1078, Similar to these decays are the lepton-
number-violating 7% — [FPEPF decays, for which the
current bounds are also on the order of 1078 At the
STCF, the sensitivity for these decays can be increased
by two orders of magnitude to a few times 10~1°.

As mentioned earlier, FCNC interactions are highly
suppressed in the SM. In some new physics models,
however, FCNC interactions can be generated at the
tree level and may therefore induce some of the above
processes at a level close to their current bounds. In this
circumstance, the STCF will be capable of providing
very useful information on those models.

2.5 Topics in QCD studies and light hadron physics

The formation of the observed hadrons from QCD
partons is still not understood. Experimentally, an ete™
collider is a suitable place to study hadronization
because its initial states are leptons, whereas such studies
at a hadron collider will suffer from uncertainties due to
the presence of initial hadrons. At the STCF, such a
study can be performed by measuring the R value for a
totally inclusive cross section and by measuring the
inclusive production of one or two hadrons. The latter
will provide important information about various parton
fragmentation functions. In addition to inclusive
processes, exclusive processes will also be studied at the
STCF. There are interesting near-threshold phenomena
in ete” — BB, where B is a baryon. Because the STCF
will run at center-of-mass energies of up to 7 GeV, it
will be possible to exclusively produce two charmonia.
The study of the exclusive and inclusive production of
quarkonia will provide important tests of theoretical
predictions of nonrelativistic QCD.

In addition to the abovementioned processes, which
can be theoretically studied via perturbative QCD at a
certain level, many phenomena at the STCF are totally
nonperturbative. These nonperturbative processes can
also be well studied at the STCF to provide more
insights into nonperturbative QCD and even new
physics beyond the SM.
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2.5.1  QCD physics

R value
The R value is defined as

owi(ete™ — v* — hadrons)
olefe” = y* = ptp™)

R(s) = , (2.21)
which is a function of s. An early measurement of R was
made at BES [260, 261 ]. Recently, it has also been
measured by the KEDR and BESIIT [38, 262].

From experimental measurements of R, one can deter-
mine the running of the electroweak coupling and
conduct precision tests of the SM, as demonstrated in a
recent study of the global SM fit [263]. Precise measure-
ments of R enable the determination of the coupling
constants in the SM. Currently, the possible deviation of
(g —2), of the u lepton has motivated many efforts to
improve the precision of the theoretical predictions and
to explain this deviation as an effect of new physics
beyond the SM. The newest result indicates that there
are 4.2 standard deviations between the experimentally
measured and theoretically predicted (g-—2), values
[264]. An important contribution to the uncertainty of
(g —2), is the contribution from hadronic vacuum polar-
ization. This contribution can be extracted from R as
measured in experiments. Therefore, a precise measure-
ment of R can play an important role in precision tests
of the SM. It is clear that more precise results for the R
value will be obtained at the STCF.

Inclusive production of a single hadron

For a sufficiently large /s, the inclusive production of
a single hadron in efe™ — h+ X can be predicted from
QCD via the QCD factorization theorem [265]:

do(ete™ = h+ X)

dz
d
=S / fﬂa(gcg?,ﬁwm(s,f)

= Z olete” — qq) (Dq_)h(z) + Dq_>h(z)> + O(ay),
' (2.22)

where z is the fraction of the energy carried by the
observed hadron h, the functions H, (a= ¢, ¢, and g)
can be calculated via perturbation theory, and D,
denotes parton fragmentation functions describing the
hadronization of a parton ato h. Eq. (2.22) is the
expression from QCD for collinear factorization. The
fragmentation functions are universal for any process in
which QCD factorization is applicable. Extracting frag-
mentation functions at rather low energy, such as the
energy region of the STCF near 4-5 GeV, is especially
important because with these extracted fragmentation
functions, it is possible to test their energy evolution

from a rather low energy scale to high energy scales.

The Collins effect in the inclusive production
of two hadrons

If two hadrons in the final state are observed in the
kinematic region such that the two hadrons are almost
back to back, collinear factorization cannot be used.
However, there is another type of factorization, called
transverse-momentum-dependent (TMD) factorization,
that holds in this region [266]. The angular distributions
in this kinematic region are determined by TMD quark
fragmentation functions. These functions describe the
fragmentation of an initial parton into the observed
hadron, where the hadron has a small transverse
momentum with respect to the momentum of the initial
parton. The general form of these angular distributions
can be found in Ref. [267]. Studies of the production in
this region are expected to yield many interesting results
regarding TMD parton fragmentation functions. Among
them, one, called the Collins function, is of particular
interest. This function describes how a transversely
polarized quark fragments into a hadron [268]. Its value
is zero if there is no T-odd effect. Belle, operating at
Vs=10.6 GeV, has performed a study of the Collins
function [269]. It will be interesting to see whether the
Collins function can be measured at the STCF. Theoretical
predictions concerning the Collins effect in the energy
region of /s ~4 GeV have been presented in Ref. [270].
In general, by studying the angular correlations of the
two produced hadrons in the kinematic region, one can
extract various TMD quark fragmentation functions.
These functions contain information on how quarks are
hadronized into a hadron. Studies of TMD parton frag-
mentation functions will be important not only for
understanding hadronization but also for exploring the
inner structure of hadrons in semi-inclusive deep in-elastic
scattering (DIS), for which one needs to know the TMD
parton fragmentation functions in order to extract the
TMD parton distribution functions.

Form factors of hadrons

Measuring the electromagnetic (EM) form factors of
nucleons has played an important role in exploring the
inner structure of nucleons. At present, these form
factors are still the simplest structure observables for
testing the nonperturbative QCD and the related
phenomenological models. In the past, these form factors
have been studied mostly in the space-like region.
Recently, however, such studies have been extended to
the time-like region. In the time-like region, it is also
possible to measure EM form factors for baryons other
than nucleons. Currently available time-like experiments
demonstrate several puzzling features of EM form
factors. Enhancement has been observed by BES [271]
near the threshold of the pp system. BaBar has also
reported enhancement in the ete~ — pp, AA, and ¥°%°
processes [272]. In the space-like region, the EM form
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Fig. 2.3 Cross sections for ete™ — J/ym. (left) and eTe™ — J/wcé (right) as calculated using NRQCD with the charm quark
mass fixed at 1.5 GeV. The solid and dashed curves represent the results from the next-to-leading-order and leading-order

calculations, respectively.

factors of the proton and neutron have been measured
with precision at the (1-2)% level. In the time-like
region, the EM form factors of the proton have a precision
of 3.4% [44], while those of the neutron have an error at
the 20% level [45]. At the STCF with the suggested
luminosity, it will be possible to measure the EM form
factors in the time-like region with a precision of 0.4%
for the proton and 2% for the neutron, comparable to
that in the space-like region. Moreover, it will be possible
to study the enhancement in the production of
baryon—antibaryon pairs near the threshold more
precisely to extract information about the interaction
between a baryon and an antibaryon, and it will also be
possible to extend this study to the A A, system to see
whether enhancement occurs in the heavy baryon—heavy
antibaryon system.

Processes such as vy — hadrons can be studied at the
STCF. In addition to the general interest in
photon—photon physics, particular quantities of interest
are the transition form factors of mesons. These form
factors determine the leading contributions to hadronic
light-light scattering, which is closely related to the
precise prediction of the interesting quantity (¢ —2),.
Precise results for these form factors will greatly help to
reduce the uncertainties in the contribution to (g —2),
from hadronic light-light scattering.

Production of charmonia

The inclusive production of a doubly charmonium has
been observed near the Y(45) resonance at Belle. The
ratio has been measured as [273]

olete™ = J/y+c+e)

fee = olete = J/y+ Xnon.ce)

~ 1.72.

(2.23)

This is in conflict with theoretical expectations. Some
progress in theoretically explaining this result has been
made by including various higher-order corrections.
Although the experimental result can be explained by
adding one-loop corrections [274-277], the outcome may
be not consistent. If one includes the so-called color-

octet contributions estimated from the hadroproduction
of J/y, there is still conflict between experiment and
theory (see also Ref. [278]). Belle has also observed the
exclusive production of double charmonia,
et +e = J/w+mn. [279 ]. Theoretically, the measured
cross section is still not well explained, even with the
inclusion of two-loop predictions in the theory [280].

With the STCF running at /s larger than 6 GeV, it
will be possible to experimentally study these production
processes more precisely. This will be helpful for gaining
a better understanding of production. This energy range
offers a unique opportunity to study physics related to
the production of two cé¢ pairs. The production cross
sections for ete~ — J/wce based on the NRQCD calcula-
tions in Refs. [281, 282] are shown in Fig. 2.3. These
cross sections can be tested at the STCF.

2.5.2  Spectroscopy

The spectrum of the light hadrons serves as an excellent
probe of nonperturbative QCD [283-288]. The complexity
of strong QCD manifests itself in hadrons, their properties
and their internal structures. The quark model suggests
that mesons are formed from a constituent quark and
antiquark and that baryons consist of three such quarks.
QCD, however, allows a richer spectrum of color singlets
that takes into account not only the quark degrees of
freedom but also the gluonic degrees of freedom. Addi-
tionally, excited and exotic hadronic states are sensitive
to the details of quark confinement, which is only poorly
understood within QCD.

In intermediate- and long-distance phenomena such as
hadron properties, the full complexity of QCD emerges,
which makes it difficult to understand hadronic phenomena
at a fundamental level. Based on quark model expecta-
tions, the experimental meson spectrum appears to be
overpopulated, which has inspired speculation about
states beyond the ¢g picture, whereas fewer states have
been observed in the baryon spectrum, which has led to
the problem of the so-called missing baryon resonances.

M. Achasov, et al., Front. Phys. 19(1), 14701 (2024)
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Even for several well-established baryons, their spins
and parities have never been measured and are based
merely on quark model assignments, particularly for
resonances involving strange quarks. Whether glueballs
made of multiple gluons and hybrids made of gluons and
quarks, as predicted by Lattice QCD [289-296], truly
exist is still an open question. These are some of the
important issues limiting the current understanding of
hadronic physics. Another critical and poorly studied
sector is the light vector mesons, especially strangeonium
states, which can provide critical information on the
connection between the light quark and heavy quark
sectors. Hadron production via ete™ collisions with
ISR [297] plays an important role. Current and future
experiments present a real opportunity for a dramatic
improvement in our knowledge of the spectrum.

At present, BESIII remains unique in its ability to
study and search for QCD exotics and new excited
baryons [298], as its high-statistics data sets of charmonia
provide a gluon-rich environment with clearly defined
initial- and final-state properties [71]. At the STCF,
many more data sets of charmonia will be obtained. The
expected high-statistics data samples for J/y and y(3686)
decays, including both hadronic and radiative decay
channels, will provide an unprecedented opportunity to
obtain a better understanding of the spectrum of light
hadrons, their properties and their couplings to all the
channels in which they appear and, from these, to learn
about the composition of these states, including glueballs
and hybrid states. An interesting example is the study
of the glueball nature of some states using data from the
STCF. The production properties suggest a prominent
glueball nature of f,(1710) and a flavor octet structure of
fo(1500) [71]. However, the scalar meson sector is the
most complex one, and the interpretation of the states’
natures and their nonet assignments are still very
controversial. There is no question that more states than
can be accommodated by a single meson nonet have
been found. However, the nature of all of these states is
still open for discussion. At the STCF, a year of operation
will provide ~3T J/y and ~500B y(3686) events at their
peak cross sections for exploring light hadron physics.
Traces of glueballs and hybrid states may be found in
some more confirmed ways. Measurements of electro-
magnetic couplings to glueball candidates would be
extremely useful for the clarification of the nature of
these states. The radiative transition rates of a relatively
pure glueball would be anomalous relative to the expec-
tations for a conventional ¢ state. The dilepton decay
modes of the light unflavored mesons are expected to
provide deeper insight into the meson structure, allowing
the transition form factors to be measured in the time-
like region. A glueball should have suppressed couplings
to 4+, which can be measured at the STCF. There has
been a long history of experimental searches for the spin-
exotic states JPC¢ quantum numbers that can not be
formed by a simple quark-antiquark pair. Recently, an

Table 2.8 Theexpected numbersofn/5’ events as calculated
from the 3.4 x 10'?J/y events anticipated to be produced at
the STCF per year.

Decay mode B (x107%) [34] n/n’ events
Iy — 52.14 1.7 1.8 x 10*°
J/y— yn 11.08 £0.27 3.7 x 10°
Iy — on’ 7.440.8 2.5 x 10°
J/w — ¢n 4.640.5 1.6 x 10°

isoscalar resonance with exotic 17+ quantum numbers,
n1(1855), has been observed by BESIII experiment [19].
At the STCF, further studies with more production
mechanisms and decay modes will help clarify the nature
of the 7;(1855). In addition, more precise study on the
isoscalar 1=+ 7;(1855), combined with previous and also
future measurements of the isovector = states, will
provide critical clue of searching for other partners of
exotic supermultiplets.

Nevertheless, the extraction of resonance properties
from experimental data is far from straightforward; the
resonances tend to be broad and plentiful, leading to
intricate interference patterns, or buried under a back-
ground in the same and other waves. The key to success
lies in high statistical precision complemented by sophis-
ticated analysis methods. Partial wave or amplitude
analysis (PWA) techniques [299] are the state-of-the-art
way to disentangle the contributions from individual,
even small, resonances and to determine their quantum
numbers. Nevertheless, the extremely high statistics at
the STCF will present new challenges for data handling
and processing. High-performance computing harnessing
heterogeneous acceleration (e.g., Ref. [300]) will be a key
requirement. The correct analytical properties of the
amplitude will be essential for extrapolation from the
experimental data to the complex plane to determine
the pole positions. A key component of the necessary
PWA will be close cooperation between experimentalists
and theorists.

2.5.3  Precision tests with light hadrons

Light meson decays

At the STCF, it is expected that approximately
3.4 x 1012 J/y events will be collected per year; thus, the
STCF will be a factory for light mesons due to their
high production rates in J/y decays. Taking n/n’ mesons
as an example, Table 2.8 indicates that more than 10°
n/n’ events could be produced through J/y radiative or
hadronic decays. Accordingly, the STCF will offer an
unprecedented opportunity to explore light meson
decays for a variety of physics at low energy scales,
including precision tests of effective field theories, inves-
tigations of the quark structure of the light mesons, tests
of fundamental symmetries, and searches for new parti-
cles.
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At low energies, nonperturbative QCD calculations
are usually performed using an effective field theory
called chiral perturbation theory (ChPT). High-quality
and precise measurements of low-energy hadronic
processes are necessary to verify the systematic expansion
of ChPT. Thus, studies of light meson decays can
provide important guidance for our understanding of
how QCD works in the nonperturbative regime. In
particular, the »’ meson, which is much heavier than the
Goldstone bosons of chiral symmetry breaking, plays a
special role as the predominant singlet state arising from
the strong axial U(1) anomaly. The decays of light
mesons, such as the n/n’ and w, as well as their excited
states can provide useful information about chiral
perturbation theory through hadronic decays [301, 302]
and anomalous Wess—Zumino-Witten (WZW) processes
[303-305], such as 5/ — p'y and o' =zt atz—. n/y
decays can also provide model-independent information
about low-energy meson interactions, such as vector
meson dominance (VMD) [306, 307 ]. The n/n' — yyx°
decays are of particular interest for tests of ChPT at the
two-loop level. Since light vector mesons play a critical
role in these models, the dynamical role of the vector
mesons must be systematically included in the context
of either VMD or the Nambu—Jona-Lasinio model [308,
309] to reach a deeper understanding of these decays.

The n/n — 41T~ (1 =e,u) Dalitz decays, where the
lepton pair is formed through the internal conversion of
an intermediate virtual photon and the decay rates are
modified by the electromagnetic structure arising at the
vertex of the transition, are of special interest. Deviations
of measured quantities from their QED predictions are
usually described in terms of a time-like transition form
factor, which, in addition to being an important probe
into the meson’s structure [307], has an important role
in the evaluation of the hadronic light-by-light contribution
to the muon anomalous magnetic moment (see the nice
review in Ref. [310] for details). In addition, using the
expected large data sample to be collected at a center-of-
mass energy above the J/y peak at the STCF, measure-
ments of the space-like transition form factors in the
decay ete” — ete n(n,n') via v interactions in the
transfer momentum (Q?) range of [0.3,10] GeV/c? will be
feasible. The measured space-like transition form factors
will uniquely cover the @Q? range that is relevant to the
hadronic light-by-light correction for the evaluation of
the muon anomalous moment.

The n and 7’ mesons are eigenstates of P, C and CP
whose strong and electromagnetic decays are either
anomalous or forbidden at the lowest order by P, C, CP
and angular momentum conservation. Therefore, their
decays provide a unique laboratory for testing the
fundamental symmetries in flavor-conserving processes,
as extensively reviewed in Ref. [311].

A straightforward way to test these symmetries is to
search for P- and CP-violating n/n' decays into two

pions. In the SM, the branching fractions for these
modes are at a level of 10728 [312], but they may be
enhanced by about ten orders of magnitudes due to CP
violation in the extended Higgs sector of the electroweak
theory [313]. Therefore, an observation of the 7 — 2x
decay, with a rate considerably higher than that quoted
above, would imply new sources of CP violation beyond
the SM. Experimentally, n/n" — 171~ 7° decays could be
used to test charge-conjugation invariance. In the SM,
this process can proceed via a two-virtual-photon
exchange, whereas an one-photon exchange would
violate C-parity. Within the framework of the VMD
model, the most recent predictions [314] for the branching
fractions are on the order of 107? for 5 — ITI~#" and
10719 for 5 — 1T1-7%(n). Thus, a significant enhancement
of the branching fractions exceeding the predictions of
the two-photon model may be indicative of C violation.
With the expected 3.4 x 10'2 J/y events at the STCF,
the branching fractions can reach a new high precision
on the order of 107, making the investigation of these
rare decays very promising. Many other decays of the
n/n’ mesons, as summarized in Table 2.9 for 5’ decays,
are also useful for tests of the SM. For example, the
n—putp~and n—ete decays are of interest when
searching for physics beyond SM. Within the framework
of the SM, the decays are dominated by a two-photon
intermediate state, which suppresses the branching frac-
tions. However, beyond-the-SM interactions, such as
leptoquark exchange, can enhance the branching frac-
tions. Therefore, larger-than-expected measurements will
provide information about non-SM interactions, and the
same can be concluded for their flavor-violating counter-
parts, n — etpT.

In addition to the n/n’ decays, the high production of
other light mesons, w, ao(980), f,(980), and 7(1405), as
well as other excited states, is also an important source
for exploring many aspects of particle physics at low
energy. The w — rtr~ 7% decay could be employed to
investigate the w decay mechanism by comparing a high-
statistics Dalitz plot density distribution with the
predictions within the dispersive theoretical framework
[315, 316]; moreover, the ag(980)—£,(980) mixing is sensitive
to the quark structure of the light scalars, and the
n(1405) — 3w process may help reveal the well-known
triangle singularity mechanism [317].

In general, despite the impressive progress that has
been achieved in recent years, many light meson decays
are still unobserved and need to be explored. With the
advantages of high production rates and excellent
performance at the STCF, the highly abundant and
clean samples of ete~ annihilations will bring the study
of light meson decays into a precision era, will certainly
play an important role in the further development of
chiral effective field theory and lattice QCD, and will
make significant contributions to the understanding of
hadron physics in the nonperturbative regime.

M. Achasov, et al., Front. Phys. 19(1), 14701 (2024)
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Table 2.9 The statistical sensitivities to rare and forbidden

n’ decays. The expected sensitivities are estimated by considering

the detector efficiencies for different decay modes at the STCF. We assume that there is no background dilution and that the
observed number of signal events is zero. The STCF limits are given at the 90% confidence level.

Decay mode Best upper limit 90% CL STCF limit (3.4 x 102 J/y events) Theoretical prediction Physics
n —ete” 5.6 x 1079 1.5 x1071° 1.1x 1071 leptoquark
n = ptu - 1.5 10710 1.1 x 1077 leptoquark
n —eTe"ete” — 2.4x107 10 1x107* yry*
n =ttt - 2.4x1071° 4x1077 Y *
n = mutpT 6.0 x 107° 2.4x1071° C violation
n — mlete” 1.4 x 1073 2.4x1071° C violation
7 — w0x° 9.0 x 1074 2.9x10° CP violation
n —atro 2.9 %1073 1.5x1071° CP violation
n = pte +p et 4.7 x 107* 1.5x1071° LPV
n’ — invisible 5.3 x 107* 3.3x1078 Dark matter
n —nete” 2.4 %1073 5.9x1071° C violation
n —nutu” 1.5 x 107° 5.9x1071° C violation

Hyperon decays

The ongoing experimental studies of CP-symmetry
violation in particle decays aim to find effects that are
not expected in the Standard Model (SM) such that new
dynamics is revealed. The existence of CP violation in
kaon and beauty meson decays is well established [318-
320]. The first observation of CP violation in charm
mesons was reported in 2019 by the LHCb experiment
[146], but thus far, there is no evidence in the baryon
sector. All the observations are consistent with the SM
expectation. Baryons with strange quark (hyperon)
decays offer promising possibilities for searches for new
CP-violating effects since they involve P-wave decay
amplitudes, which neutral kaon decays do not [321]. A
possible signal of CP violation would be a difference in
the decay distributions between charge-conjugate decay
modes. The main decay modes of the ground-state
hyperons are weak hadronic transitions into a baryon
and a pseudoscalar meson, such as A — pr— (B~ 64%)
and Z= — An~ (B~ 100%) [34]. They involve two ampli-
tudes: one for a parity-conserving decay to the relative p
state and one for a parity-violating decay to the s state.
The angular distribution and polarization of the daughter
baryon are described by two decay parameters:
a = 2Re(s*p)/(|p|® + |5|?) and ¢ = arg((s — p)/(s + p)). Here,
we denote the decay parameters o for A — pr—and
E7 — A7~ by ap = 0.7519(43) [26, 27] and az 0.376(8)
[28], respectively. In the CP-symmetry-conserving limit,
the parameters ap/ap and ¢p/¢p for the charge-conju-
gated D/D decay modes have the same absolute values
but opposite signs. The CP asymmetry Ap is defined as
follows:

ap +op

where §, — d; is the strong (p—s)-wave phase difference in
the decay due to final-state interaction and ¢, — ¢, is the
weak CP-violating phase difference.

The best limit for CP violation in the strange baryon
sector obtained by comparing the complete
-~ = Ar~ — pr—7~ and c.c. decay chains of unpolarized

baryons at the dedicated HyperCP (E871) experi-
[322] by  determining the  asymmetry
Azp = (apaz — agaz)/(aaastagaz) & Az + Ay The
result, Azp = (0.04£5.1+4.7) x 1074, is consistent with
the SM prediction: |Azx| < 5 x 107° [323]. Moreover, an
improved preliminary HyperCP result presented at the
BEACH 2008 Conference suggests a large asymmetry
value of Azy = (—6.04+2.142.0) x 1074 [324]. However, it
is difficult to interpret this result in terms of the weak
CP-violating phase difference. The Ap asymmetries are,
in general, not sensitive probes of the weak C'P-violating
phase difference since the tan(§, — d,) term is very small
and not well known. The values are —0.097(53) for
A — pr~ and 0.087(33) for 2= — Anr~, as determined from
the values of the ¢p decay parameters using the following
relation:

was

ment

2
—af,

tan(d, — 05) ~ — o

singp . (2.25)
A much more sensitive, independent determination of
¢p — (s is obtained by comparing the ¢p and ¢5 parame-

ters:

¢p+¢p . ap
2 V1—a3

With a well-defined initial state, the charmonium
decay into a strange baryon—antibaryon pair offers an

A¢gp = (2.26)

sin(Gp — Cs) -

Ap = ap — ap ~ —tan(0p — d0s)sin((p — Cs),  (2.24)  ideal system for testing fundamental symmetries. The
vector charmonia J/y and y(3686) can be directly
14701-32 M. Achasov, et al., Front. Phys. 19(1), 14701 (2024)
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Table 2.10 Branching fractions for some J/y,w(3686) — BB decays and the estimated sizes of the data samples from the
full data set of 3.4 x 10'2 J/y and 3.2 x 10° w(3686) to be collected by the STCF. The approximate detection efficiencies for the
final states reconstructed using the A — pr~ and = — Ar decay modes are based on the published BESIII analyses using

partial data sets [325-327].

Decay mode

B (in units of 10”*) Angular distribution parameter o, Detection efficiency No. of events expected at the STCF

J/w — AR 19.43 4 0.03 + 0.33 0.469 + 0.026

w(3686) — AA  3.97+0.02+0.12 0.824 +0.074
J/y — =020 11.65 + 0.04 0.66 £ 0.03
w(3686) — =°=Z° 2.7340.03 0.65 4 0.09
J/y — = =t 10.40 4 0.06 0.58 +0.04
w(3686) — =~ =F 2.78 £ 0.05 0.9140.13

40% 1100 x 10°
40% 130 x 10°
14% 230 x 108
14% 32 x 10°
19% 270 x 10°
19% 42 x 10°

Table 2.11 Statistical sensitivity for asymmetry parameters extracted using STCF data samples. The input values of the

parameters are taken from Table 2.10 and Ref. [75].

A= Ap Aza (& — G)= (& = Cs)=
Eq. (2.24) Eq. (2.26)
J/y — AA - 1.7 x107* - - -
J/y— EEY (AD =0) 2.2x 107" 2.1x107* 2.5 x 1074 24 x107° 6.5x 107"
produced in an electron—positron collider with high uncertainties in the J/y — =Z~E% decay. By exploiting

yields and have relatively large branching fractions into
hyperon—antihyperon pairs; see Table 2.10. The potential
power of such measurements was shown in a recent
BESIII analysis using a data set of 4.2x10°
ete”™ — J/y — AA events reconstructed via the A — pr—
+ c.c. decay chain [26]. The determination of the asymmetry
parameters was possible due to the transverse polarization
and spin correlations of the A and A. In the analysis, the
complete multidimensional information of the final-state
particles was used in an unbinned maximum log likelihood
fit to the fully differential angular expressions from Ref.
[328]. This method allows direct comparison of the decay
parameters of the charge-conjugated decay modes and
enables a test of the CP symmetry.

In Ref. [329], the formalism was extended to describe
processes that include decay chains of multiple strange
hyperons, such as the ete” — ZZ reaction with the
= — Ar and A — pr— + c.c. decay sequences. The expres-
sions are much more complicated than the single-step
weak decays in ete” — AA. The joint distributions for
ete” — ZZ allow all decay parameters to be determined
simultaneously, and the statistical uncertainties are
independent of the size of the transverse polarization in
the production process. The uncertainties of the CP-odd
asymmetries that can be extracted from the exclusive
analysis were estimated in Ref. [75]. To study the angular
distribution for the ete™ — Z~ZT reaction, we fix the
decay parameters of the A and =~ to the central values
from the PDG [34]. For the production process, the
phase A® is an unknown parameter, but the result
shows almost no dependence on this parameter, and we
set A®=0. In Table 2.11, we report the statistical

the spin entanglement between the =~ baryon and its
antiparticle =+, BESIII has enabled a direct determination
of the weak-phase difference, (¢, — ¢s) = (1.2 £3.4+£0.8)x
1072 rad [28].

The sensitivities for the Az, Ay and A=, asymmetries
with a data sample of 3.4 x 1012 J/y events at the STCF
(see Table 2.10) are given in Table 2.11. The statistical
uncertainty for the Az, asymmetry from the dedicated
HyperCP experiment will be surpassed at the STCF.
The SM predictions for the A=z and A, asymmetries are
—3x107° <Ay <4x10%and —2x107°<Az<1x107°
[323].

Under the assumption of a value of 0.037 for the ¢=
parameter, five-sigma significance would require 3.1 x 10°
exclusive Z~=% events. Reaching a statistical uncertainty
of 0.011, as in the HyperCP experiment [330], would
require 1.4 x 105 J/y — Z~ET events, while the single-
cascade HyperCP result is based on 114 x 10° events. In
contrast, the present PDG precision of ¢=0 could be
achieved with only 3 x 102 2050 events.

The sensitivities for the weak phase difference
(¢p — ¢s)= [321] using the two independent methods are
also given in Table 2.11. The SM estimate for (¢, — ¢s)=
is 8 x 1075, However, it should be stressed that the SM
predictions for all asymmetries need to be updated in
view of the recent and forthcoming BESIII results on
hyperon decay parameters using the collected 10'° .J/y
events. A wide range of precision CP tests can be
conducted based on a single measurement. Thus, the
spin-entangled cascade—anticascade system is a promising
probe for testing fundamental symmetries in the strange
baryon sector.

M. Achasov, et al., Front. Phys. 19(1), 14701 (2024)
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A large data sample of AA from J/y decays can also
be used to study A—A oscillations. The seesaw mecha-
nism, as an explanation for the small neutrino mass-
es [331], predicts the existence of A(B — L) = 2 interactions
and baryon—antibaryon oscillations. To date, searches
for processes that violate the baryon number by two
units have been performed only in neutron—antineutron
oscillation experiments [332]. Searches for A—A oscillations
in the J/y — AA decay at BESIII have been pro-
posed [333]. With 10 billion J/y decay events at BESIII,
the expected sensitivity of the measurement of A-A
oscillation is dm,z < 1071 MeV at the 90% confidence
level. This corresponds to a lower limit of 107 s on the
oscillation time. At the STCF, the expected constraint
on §m,; can be improved to the 10717 MeV level or even
better. This upper limit is already much larger than the
lifetime of the A, and further significant improvements
would require other approaches, such as the use of
certain long-lived hypernuclei [334-336].

2.5.4  Tests of the CPT invariance with J/y decays

While violations of C, P, T, and CP symmetries have
been well established and characterized, the validity of
CPT symmetry remains intact at a high level of sensitiv-
ity. The CPT theorem [337] states that any quantum
field theory that is Lorentz invariant, has local point-like
interaction wvertices, and is Hermitian (i.e., conserves
probability) is invariant under the combined operations
of C, P and T. Since the three quantum field theories
that make up the Standard Model — QED, QCD, and
Electroweak theory — all satisfy these criteria, CPT
symmetry has been elevated to some kind mystical
status in particle physics. However, there is good reason
to believe that CPT, like all of the other discrete
symmetries, is violated at least a mass scale of
O(10~%m), i.e., at the so-called Planck scale.

One of the requirements for a CPT-invariant theory is
that it is local, which means that the couplings at each
vertex occurs at a single point in space-time. But theoretical
physics has always had troubles with point-like quanti-
ties. For example, the classical self-energy of the electron
is

62

We =

dmegre’ (227)
which diverges for r, — 0. The classical radius of the
electron, i.e., the value of r, that makes W, = m.c? is
rore =28 x 1071 cm (2.8 fermis), which is three times
the radius of the proton, and ~300 times larger than
experimental upper limits on the electron radius, which
are < 1071¢ c¢m [338]. Infinities associated with point-like
objects persist in quantum field theories, where they are
especially troublesome. In second-order and higher

2) Specifically not just Gz, which has the dimension of mass 2.

perturbation theory, all of the diagrams that have
virtual particle loops involve integrals over all possible
configurations of the virtual particles in the loops that
conserve energy and momentum. Whenever two of the
point-like vertices coincide, the integrands become infinite
and cause the integrals to diverge.

In the QED, QCD and Electroweak quantum field
theories that make up the Standard Model, these infinities
are removed by the well established methods of renor-
malization [339-341]. In all three of these theories, the
perturbation expansions are in increasing powers of a
dimensionless coupling strength, aqep, as; and, apw =
V2MZ,Gp/m.2) As a result of this, in the renormalization
procedure, relations that exist between different orders
of the perturbation expansion reduce the number of
observed quantities that are needed to subtract off
divergences. In QED, for example, there are only two,
the electron’s mass, and charge (three, if the diagram
includes muons). However, in quantum theories of grav-
ity, where a massless spin=2 graviton plays the role of
the photon in QED, the expansion constant is Newton’s

gravitational constant G = he/Mg, where
Mp = \/he/G =12x 10 GeV is the Planck mass.

Because of this, every order in the perturbation expansion
has different dimensions and, thus, a distinct observed
quantity is needed to carry out the subtraction at each
step, which means that complete renormalization would
infinite number of observed quantities to complete the
renormalization. This means that a CPT-conserving
quantum theory of gravity would, in principle, be
nonrenormalizable [342]. Although difficulties associated
with non-renormalizability (i.e., higher-order perturbative
effects) will never show up at mass scales below the
Planck mass, this problem demonstrates that there is
nothing especially sacred about CPT-invariance that
prevents from being violated at a lower mass scale.
Because of its close connection with the fundamental
assumptions of the Standard Model, stringent experimental
tests of CPT-invariance should have high priority.

Kaon mixing and tests of the CPT theorem

Among the consequences of CPT symmetry are that
particle and antiparticle masses and lifetimes are equal.
Since lifetime differences can only come from on-mass-
shell intermediate states and do not probe short distance,
high mass physics, these are unlikely to exhibit any CPT-
violating asymmetry. Instead, the focus here is on the
possibility that particle and antiparticle masses may be
different.

The particles with the best measured masses are the
stable electron and proton, and, according to the PDG
[34]:

|Met —me—| < 4x 107 MeV,

|mp —myp| <7 x 107" MeV. (2.28)
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Fig. 2.5 (a) A simulated J/y — K~ ntK°(r); K°(7) — n*n~ event in the BESIII detector. (b) The solid circles show the
proper time distribution for simulated strangeness-tagged K°(t) — nt7n~ decays (the open circles are K°(r) — nt7~ decays).

1
(c) The reduced asymmetry, A= =4 — xe 2877

, which weights the asymmetries according to their relative statistical

significance, is plotted for the events shown in panel b. Here ¢ =

However, these limits do not provide the best tests of
CPT; the most stringent experimental restriction on
CPT violation comes from the difference between the K°
and K° masses:

|Mgo — Myo| <5 x 10716 MeV, (2.29)

which is 7-9 orders of magnitude more strict than those
from the electron and proton mass measurements even
though the value of Mo itself is only known to +13 keV.
This is because the Fig. 2.4 diagrams, taken together
with the quantum mechanics of K°-K° mixing, maps the
Mo — Mo difference into the quantity
AM =My, — Mg, = 3.5 x 10712 MeV, which is 14 orders
of magnitude lower than Mzo or Mo and the independent
quantity AT =Tg, — Tk, ~7.4x 10712 MeV (which is,
coincidently, ~ 2 x AM).

The mapping is done by computing the difference
between the proper-time-dependence of the K — nta—
decay rates for neutral K mesons that are tagged as
strangeness S = +1 and S = —1 at their time of production
(i.e., 7=0), and are denoted here as K°(r)and KO(r),
respectively. At STCF, this tagging is automatically
done in J/y - K- 7t K% and J/y — Kt7~K° decays, by
the sign of the charged-kaon’s electric charge: a K~ tags
a K°(r) and a K+ tags a K°(r). These events are quite
distinct at a center-of-mass system ete~ — J/y collider
as shown in Fig. 2.5(a), and occur with a branching fraction

psw + 5¢§PT~

BF[J/y — KTt K%(K°)] = (0.56 +£0.05)%, which, for
J/y decays, is substantial. Moreover, at a c.m. collider
these events are pretty much background free, the only
significant backgrounds are misidentified K — 7&¢Fv
decays that also depend on AM.

Although the event shown in Fig. 2.5(a) looks superfi-
cially like KF¥r*Kg, here the neutral kaon is not a Kg
mass eigenstate with a simple exponential lifetime.
Instead, separate plots of the proper-decay-times for
simulated K~-tagged K°(r) — ntn~ and Kt-tagged
K9(t) — wtr~ events, shown in Fig. 2.5(b), tell a differ-
ent, and much more interesting story. Instead of single
exponential curves that decrease indefinitely with the
K lifetime, the decay curves contain interfering K¢ and
K1 components, with interference patterns for K°(r) and
K°(r) decays that quite different. There is a pronounced
asymmetry between the two modes that, according to
numerous available descriptions of the quantum
mechanics of the neutral kaon system (see, e.g., Ref.
[343]), can be expressed as

_N(E°(r)) = N(K°(7))

N(K(7)) + N(K°(1))

|4 e32T7 cos(AMT — dsw + 0¢57T)

-9 .
1+ |no_[2eATT

Aﬂ’*'n’* = 2%(5 - 5)

(2.30)
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Here the first term on the r.h.s. of the equation is a
small (~0.3%) constant offset involving e, the familiar
mass-matrix parameter that characterizes the CP impu-
rities in the Kg and K; mass eigenstates, and §, which is
an even smaller CPT-violating parameter (that is
explained below). Inherent differences in the K+ and K-
detection efficiencies make it impossible to measure this
term with any significant precision. On the other hand
the phase of the oscillation described by the second term,
dsw + 5¢§P T  is not sensitive to experimental efficiencies
and can, in principle, be accurately measured. Here ¢gw
is the “superweak phase” and is equal to arctan(2AM /AT),
where AM can be measured from the wavelength of the
oscillation, and AT is determined from the Ks and K
decay curves.?) The difference between the measured
phase of the Eq. (2.30) oscillation term and ¢gy is
¢SPT =6, /e, where

5, = Mro = Mo, (2.31)
2v2AM

a non-zero value would indicate the existence of a
K% K% mass difference, and a violation of CPT.

This translation of Mzo—Mgo into a relation involving
the Mg,~Mg, is a trick that is unique to the kaon
system and is not applicable to other particles. Although
the neutral D°, B®and BY mesons mix with their
antiparticles, they do not have a measurable equivalent
of the kaon’s ¢ mass-matrix mixing parameter and,
moreover, have a large number of decay modes that are
common to both of their mass eigenstates that make
CPT-related analyses that are easily used for neutral
kaons impractical [344]. As a result, tests of CPT with
neutral B mesons by BaBar [345] and Belle [346] did not
place any limits on |[Mpzo — Mpo|.

Although it is apparent from Eq. (2.30) that the
A,+.— asymmetry increases with the proper-time 7, the
statistical precision of measurements rapidly decreases
with 7. Because of this, the CLEAR group, which
measured this asymmetry in pypp — KFrTKO(K?)
events produced in the annihilation of stopped antipro-
tons [347], suggested that an alternative reduced asym-
metry, defined as

Areduced — .A,r+7r— X e

7%AFT
o= ’

(2.32)
be used for display since it emphasizes the importance of
the higher-statistics, low and intermediate decay-time
measurements that provide the bulk of the measurement
sensitivity. The reduced asymmetry between the decay
curves for K97) — ntr—and K%r) — ntn~ events

shown in Fig. 2.5(b), is plotted in Fig. 2.5(c).

The simulated data shown in Figs. 2.5(b) and (c)
correspond to 3.8B tagged K — ntn~ decays that are
almost equally split between J/y — K-ntK° and
J/y — KTn~K° that were generated with ¢S*" =0 and

¢sw = 43.4°. This corresponds to what one would expect
for a total of 10'2 J/y decays in a detector that covered
a |cosf| <0.85 solid angle and was otherwise almost
perfect. The red curve in the figure is the result of a fit
to the data that determined

dsw + ¢S FT = 43.51° £ 0.05°

= ¢FT < 0.15° (90% C.L.), (2.33)

where the errors are statistical only. To date, the best
existing measurements are a 1999 result from the
CPLEAR pgopp experiment at CERN [347] that used a
sample of ~70M  tagged K9r)— ntz and
K°%7) — ntn~ events and a 1995 result from Fermilab
experiment E773 that used ~2M K — nt7~ and ~0.5M
K — 7970 decays produced downstream of a regeneration
located in a high-energy K; beam [348]:

CPLEAR : ¢sw + ¢ 7"
= 42.91° + 0.53°(stat) £ 0.28°(syst),
Psw + @?PT

— 42.94° + 0.58°(stat) = 0.49°(syst),
(2.34)

E773 :

where the systematic errors include 0.19° (CPLEAR) &
0.35° (E733) contributions from uncertainties in the
regeneration phases. The potential statistical error for a
1 trillion J/y event data sample at STCEF is factor of ten
better than previous experiments. The issue will be
whether or not the systematic errors can be controlled
accordingly. In the STCF detector the production and a
fraction of the K — ntn~ decays occur in a high
vacuum, and the material traversed by rest of the decaying
neutral kaons is very small, This will substantially
reduce the effects of regeneration, which was the largest
source of systematic error in the previous experiments.

As the results in the previous paragraph indicate,
constraints on the validity of the CPT theorem have not
changed in the twenty-five years. This is not because
these are not important or interesting, instead it is
because that no tests of CPT invariance for particle
systems other than the neutral kaons have anything like
the same sensitivity, and none of the world’s active
particle physics facilities have been capable of producing
enough kaons to match, much less improve on, the
CPLEAR and ET773 results. (The BESIII 10B .J/y event
sample only has ~20M tagged K°(7) — nn~ and
K°() — 7tn~ decays, less than a third of the CPLEAR
data sample.) The STCF project will provide a unique
opportunity to make an order of magnitude sensitivity
improvement over earlier measurements.

2.6 New light particles beyond the SM

In this section, we briefly describe the beyond the SM

%) There is a small, ¥(0.03°) theoretical correction to the ¢sw = arctan(2AM /AT) that is well understood [344].
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(BSM) motivations for the STCF. Since the Higgs boson
was discovered, for the first time, a complete theory is
available to describe the electroweak and strong interac-
tions. A drawback to the success of the SM is that one
loses guidance for future directions of research. Under
such circumstances, one must scrutinize all possibilities,
such as the STCF, super B factories, the LHC and other
facilities, to find clues on how to proceed. The STCF,
with its high luminosity, will be sensitive to new light
particles and their interactions with SM particles. We
have listed three categories of motivations in terms of
BSM physics: i) forbidden and rare decays, ii) CP viola-
tion, and iii) searches for new weakly interacting light
particles. Nevertheless, we should also point out that the
BSM possibilities are still more extensive than those
listed here, and other new topics can also be investi-
gated.

Here, we mainly focus on the possibility of new light
particles in a hidden sector that has weak coupling with
the SM sector. The candidates for such new light particles
include dark photons, new light scalars, and millicharged
particles.

2.6.1  Particles in the dark sector

The existence of a dark sector that weakly couples to
the SM sector is well motivated by many BSM theories.
Some new physics particles may exist at the TeV scale
or above and can only be probed at high-energy colliders.
However, the messengers connecting the dark sector to
the SM sector may exist at lower energies, such as the
GeV scale. These messengers can be scalars, pseu-
doscalars, or gauge bosons that interact with SM particles
through certain “portals” [349]. Because this new light
sector would need to interact with SM particles very
weakly to evade the constraints from current experi-
ments, it is generally dubbed the “dark sector”.

A particular motivation for such a scenario follows
from the observations of anomalous cosmic-ray positrons.
In 2008, the PAMELA collaboration reported excess
positrons above ~10 GeV [350], and this observation has
since been confirmed by many other experiments, such
as ATIC [351], Fermi-LAT [352] and AMS02 [353]. In
one class of dark matter models, dark matter particles
with masses of ~ O(TeV) annihilate into a pair of light
bosons with masses of ~ O(GeV), which then decay into
charged leptons [354, 355].

These light bosons may be massive dark photons in
models with an extra U(1) gauge symmetry. These dark
photons couple to photons through the kinetic mixing
sFrvEr . Since QED is a well-tested model, the mixing
strength e should be small. In theory, ¢ can be generated
by high-order effects [356]. Therefore, ¢ is naturally
~ 10721073 or smaller. The dark photon could acquire a
mass through the Higgs mechanism or the Stueckelberg
mechanism. Some models could predict that the mass of
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Fig. 2.6 Constraints on the mixing strength ¢ versus the
dark photon mass my >1 MeV from the measurements of
the electron and muon anomalous magnetic moments, low-
energy ete colliders, beam dump experiments and fixed-
target experiments. For details, see Ref. [349]. Reproduced
from Ref. [349].

the dark photon should be at the ~ O(MeV)-O(GeV) scale
[356, 357]. This suggests that the structure of the dark
sector may be complicated. There could be a broad class
of light particles, including scalars, pseudoscalars, gauge
bosons and fermions, at the GeV scale.

Since the interaction between the dark sector and the
SM sector must be very weak, a search for light dark
photons (or other light particles) at the intensity frontier
is well motivated. In the phenomenology of the dark
photon, the most important parameters are the dark
photon mass my and the mixing strength e. Figure 2.6
shows the constraints on e and m’, from the measurements
of the electron and muon anomalous magnetic moments,
low-energy ete~ colliders, beam dump experiments and
fixed-target experiments [349]. Due to their high luminosity
and low center-of-mass energy, which should be close to
the mass of the dark photon, electron—positron colliders
are also suitable for probing dark photons through either
direct production or rare decays of mesons.

Electron—positron collisions could directly produce
dark photons, which would subsequently decay into
charged leptons, via ete™ — v+ A/(— I717) [358-362]. In
comparison with the irreducible QED background
ete™ — ~IT1~, dark photon production is suppressed by a
factor of €2. To reduce the influence of this background,
precise reconstruction of the dark photon mass and a
high luminosity are important. Such studies for
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Fig. 2.7 The sensitivity to the mixing strength ¢ at the
STCF forete™ — v+ A'(— I*i7) with 1 ab ! of data. Reproduced
from Ref. [368].

T — v+ A'(= ptp~) have been performed by interpreting
results from the BaBar experiment [360, 362, 364]. Since
no new peak has been found in the data, the mixing
strength ¢ is constrained to be smaller than ~ 2 x 1073
for a dark photon with a mass of ~1 GeV. Later, Belle
reported similar restriction on the coupling strength of
A(= ptp~)via T —~y+ A [365 ]. Preliminary studies
show that this limit could be reduced to 5x 107* at
SuperB [366]. At Belle II, under the hypothesis of the
coupling strength about few x107%, one can expect to
observe an excess of events due to a dark photon decays
to charged leptons, taking advantage of about two
orders of magnitude larger data statistics than those
available at BaBar and Belle [367]. With 20 fb ! of data
collected at w(3770), sensitivity to an e as low as 2 x 1073
could be achieved for efe™ — v+ A'(—[F17) with
ma ~1 GeV [368]. A similar estimate can be performed
for the STCF, indicating that the sensitivity for ¢ will be
O(1074) for ma ~ 0.6 — 3.7 GeV with 1 ab! of data, as
shown in Fig. 2.7.

If there is also a light Higgs »’ that provides the mass
of the dark photon, with a mass of ~ O(MeV)-O(GeV), in
the dark sector, then some new processes can be used to
investigate the dark sector at electron—positron colliders
[369, 370 ]. If my >2ma, then the signal process
ete™ — A+ b/ (— 2A") — 3171~ will be very clean for such
research due to the presence of several resonances in the
lepton pairs. If my < mas, then A’ can only decay into
lepton pairs via loop processes. In this case, the lifetime
of the n’ will be long; possible signals are displaced
vertices or even missing energy in the detector. Note
that other light bosons may also exist, such as gauge
bosons under an extra non-Abelian symmetry, in the
dark sector [369]. The final states of direct production
may contain more lepton pairs. In this case, it will be
easier to extract the signals from large QED backgrounds

via the reconstruction of resonances.

In general, if mesons have decay channels into
photons, they could also decay into dark photons with
branching ratios of approximately 2 x BF(meson — 7)
[360, 368 ]. Since low-energy electron—positron colliders
produce numerous mesons, such as =, p, K, ¢, and J/y,
it is possible to search for dark photons in the rare
decays of mesons. For instance, one can search for a
resonance in the ¢ — n+ A’ and «/n — v+ A’ processes
with A" — (*1=. At the STCF, where a large sample of
charm mesons will be produced, charmonium decay
channels;, such as J/y—efe +4[358 | and
w(3686) — xc1,2 + A’, can be used to probe dark photons.

Light Z’ bosons that decay predominantly into invisible
states can be probed by looking for missing energy in
the final states at electron colliders; see, e.g. Ref. [371]
for the recent Belle II results. Other light particles, such
as light axion-like particles, can also be searched for at
electron colliders; see, e.g. Ref. [372] for the recent Belle
IT results.

2.6.2  Millicharged particles

Particles with an electric charge that is significantly
smaller than that of an electron are often referred to as
millicharged particles. A variety of BSM models predict
millicharged  particles; for example, millicharged
fermions in the hidden sector can naturally arise via
kinetic mixing [373-375] or Stueckelberg mass mixing
[376-378]. Millicharged particles have previously been
searched for at various mass scales both at terrestrial
laboratories and in cosmological/astrophysical processes
(see, e.g. [379] for a review). Electron colliders operating
at the GeV scale can probe the previously allowed
millicharged particles parameter space for masses in the
MeV-GeV range [380, 381]. At the MeV-GeV energy
scale, the existing laboratory constraints on millicharged
particles include constraints from colliders [382], the
SLAC electron beam dump experiment [383], and
neutrino experiments [384].

A small fraction of the dark matter (DM) can be
millicharged in nature. Recently, the EDGES experiment
detected an anomalous absorption signal in the global 21
cm  background near a redshift of =z =17 [385].
Millicharged dark matter models have been invoked to
provide sufficient cooling of cosmic hydrogens [386-388];
because the interaction cross section between
millicharged DM and baryons increases as the universe
cools, constraints from the early universe can be somewhat
alleviated.

Because the ionization signals from millicharged particles
are so weak that typical detectors in particle colliders
are unable to detect millicharged particles directly,
millicharged particles can be searched for at electron
colliders via the monophoton final state [380, 381]. The
analysis of searching for millicharged particles via the
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Fig. 2.8 Monophoton cross sections for millicharged partic- Fig. 2.9 The expected 95% C.L. upper bounds on

les (solid) and for the SM irreducible BG (dashed) versus the
collision energy ./s. These cross sections are computed with
the following detector pre-selection cuts: E, >25 MeV for
cosf, < 0.8 and E,>50 MeV for 0.86 < cosf, < 0.92. The
model parameters e =0.001 and m, = 0.1 GeV are used for
the millicharged particles model. Reproduced from Ref. [381].

monophoton state at the STCF can be easily extended
to a variety of invisible particles in the hidden sector. In
millicharged particle models, monophoton events can be
produced via ete™ — yxvy, where y is the millicharged
particle. The irreducible monophoton background
processes have the form ete™ — pvy, where p is a
neutrino. There are also reducible monophoton back-
grounds due to the limited coverage of the detectors.
There are two types of reducible backgrounds: the “bBG”
background, which occurs when all other visible final-
state particles are emitted along the beam directions,
and the “gBG” background, which is due to visible
particles escaping the detectors via gaps [381].

Figure 2.8 shows the monophoton cross sections for
millicharged particles and for the SM irreducible back-
ground, where the analytical differential cross sections
for these processes are taken from Ref. [380]. The
monophoton cross section for millicharged particles
increases as the collision energy decreases, as shown in
Fig. 2.8. In contrast, the monophoton irreducible back-
ground grows with increasing collision energy. Thus, an
electron collider with a lower collision energy has a
better sensitivity to kinematically accessible millicharged
particles.

To analyze the sensitivity of the proposed STCF
experiment to millicharged particles, the STCF detector
is assumed to have the same acceptance as the BESIII
detector. The STCF sensitivity to millicharged particles
in the MeV-GeV mass range is shown in Fig. 2.9, under
the assumption of 20 ab! of data collected at /5=
4 GeV. The STCF can probe a large parameter space

millicharged particles from the STCF as well as from Belle II,
BESIII, and BaBar. The dot-dashed curves are obtained with
the bBG cut for the STCF, BESIII, and Belle II, while gBG
is neglected [381]. Reproduced from Ref. [381].

below that of the SLAC electron beam dump experiment
for millicharged particles, from ~4 MeV to 0.1 GeV.
Millicharged particles with €< (0.8—3)x 107% and
masses from ~4 MeV to 1 GeV can be probed by the
STCF with 20 ab! of data at /s =4 GeV. This also
eliminates a significant portion of the parameter space in
which the 21 cm anomaly observed by the EDGES
experiment can be explained [386]. The expected
constraints on millicharged particles from the STCF
analyzed on the basis of 20 ab! of data collected at
Vs=4 GeV are better than those from Belle II with
50 ab! of data for millicharged particles from 1 MeV to
1 GeV. The increase in sensitivity is largely due to the
fact that the collision energy of the STCF is lower than
that of Belle II, which is ~10.6 GeV. Thus, the STCF
has unprecedented sensitivity to the millicharged param-
eter space for the MeV—GeV mass scale that has not
been explored by current experiments.

For simplicity, a single collision energy of /s =4 GeV
with 20 ab ! is assumed to obtain the limits in Fig. 2.9.
However, because the STCF will be operated at various
energy points, as shown in Table 2.1, the actual limit
should be analyzed by considering various collision energies
and detailed detector simulations. The STCF sensitivities
to millicharged particles at three different collision energies
are compared in Fig. 2.10, where 10 ab! of data is
assumed for each collision energy. Although the low-
energy mode loses sensitivity to heavy millicharged
particles, it has better sensitivity than the high-energy
mode for probing light millicharged particles. For exam-
ple, 10 ab ! of data with /s =2 GeV can be used to
probe millicharged particles down to ~ 4 x 107° for a 10
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Fig. 2.10 The expected 95% C.L. upper bounds on
millicharged particles with 10 ab™! of data assumed for each
of the three STCF /s values. The solid curves are analyzed
with the bBG cut. Reproduced from Ref. [381].

MeV mass, as shown in Fig. 2.10, outperforming the
s =7 GeV mode by a factor of ~ 5. The constraints on
millicharged particles at various collision energies are
also shown in Table 2.12 for several benchmark points.

2.7

Summary

The proposed STCF is a 4n-solid-angle particle detector
operating at an ete~ collider with a high luminosity
(> 0.5 x 10% em~2s71), center-of-mass energies spanning
the range of 2—7 GeV, and the future option for a polarized
e~ beam. We have presented some of the interesting
physics potential at the STCF, mainly on the basis of
various particle systems ranging from higher masses,
starting from the XY Z states, to lower-mass systems,
such as hyperon and glueball/hybrid states, as well as
possible new light particles beyond the SM along with
information can be extracted from their decays and
Some studies that are important for
extracting SM information not associated with energies
on/near resonances have also been discussed. With
unprecedentedly high luminosity, studies of the spectra
in the relevant energy ranges can provide much more
precise knowledge about known states and possibly
other new and exotic states, and studies of decays and
how they interact with other SM particles can yield new

interactions.

insights along with the most precise information about
parameters in SM electroweak interactions, the pertur-
bative and nonperturbative nature of strong QCD inter-
actions, and possible new particles and interactions
beyond the SM. The topics presented are not all inclu-
sive; instead, we have focused on measurements that are
unique to the STCF, with emphasis on reactions that
challenge the SM, are sensitive to new physics and
address poorly understood features in existing data. We
summarize the highlights in the following.

QCD dynamics and hadron physics

The STCF will run in the energy range of 2-7 GeV,
which is in the transition interval between nonperturbative
and perturbative QCD based on the SU(3)c gauge inter-
action. Experimental data from the STCF will provide
much more information to study the QCD dynamics of
confinement through the study of hadron spectra and
interactions (see Sections 2.2, 2.3 and 2.5). The energy
region covers the pair production thresholds for the
recently discovered doubly charmed baryon states, XY Z
states, charmed baryons, charmed mesons, 7 leptons,
and all of the strange hyperons. With the high luminosity
of the STCF, firmer traces of the QCD-predicted glue-
balls/hybrids may finally be observed, and with operation
above 7 GeV, higher-mass doubly charmed baryons or
other possible new states may be studied in more detail.

More detailed discussions of hadron spectroscopy have
been provided in the relevant sections. Two remarkable
recent developments in hadron spectroscopy are worth
emphasizing again: i) the failure of hadron models to
anticipate the rich charmonium spectrum of hidden-
charm states with masses above the open-charm pair
threshold and ii) the emergence of clear experimental
evidence for new, light-hadron spectra of QCD hybrids
and glueballs. These developments boost confidence that
more detailed spectroscopic studies are needed and will
be fruitful. The STCF will be an ideal place to study
related issues. The mapping out of the XYZ glueball
and hybrid spectra will require comprehensive measure-
ments of as many decay modes as possible and more
sophisticated analysis techniques to extract and interpret
exotic mesons that overlap with conventional ¢g states.
Year-long STCF runs will produce data samples containing
~3T J/y events and ~500B (3686) events for in-depth
explorations of light hadron physics. At CME =~
4230 MeV, the STCF will function as an “XY Z-meson
factory”, producing ~1B Y (4260) events, ~100M each of
Z.(3900) and Z.(4020) events, and ~5M X (3872) events

Table 2.12 The expected 95% C.L. upper bounds on ¢ for millicharged particles with 10 ab ! of data for three STCF /s
values, namely, 2 GeV, 4 GeV, and 7 GeV, as analyzed with the bBG cut [381].

V5 (GeV) 2 2 4 4 7 7
m (MeV) 1 100 100 1 100
€S 3x107° 7x107° 9x107° 1x1074 2 x10~* 3x 1074
14701-40 M. Achasov, et al., Front. Phys. 19(1), 14701 (2024)
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per year, thereby enabling precision Argand plots, studies
of rare (including nonhidden-charm) decays, precise
mass and width measurements, etc. With close cooperation
between high-precision experiments at the STCF and
the LQCD community, a robust, first-principles under-
standing of the confinement of quarks and gluons will be
produced in the foreseeable future.

Many perturbative QCD properties can also be tested
at the STCF, such as the determination of the R values
at various energies and therefore also the strong interaction
coupling oy, especially at the 7 threshold, as discussed in
Section 2.4.2. More data from the STCF can also be
used to test NRQCD predictions for charmonium
production with high precision.

The STCF can also measure strong interactions at the
hadron level with great precision. Some of the interesting
possible measurements are the time-like nucleon and
hyperon form factors, as discussed. This will greatly help
to improve the currently poor understanding of the
structure of nucleons. In this context, time-like measure-
ments are expected to play an increasingly important
role. Moreover, time-like pair production measurements
are not restricted to nucleons; the form factors of all of
the weakly decaying hyperons can be measured and
compared, thereby opening a new, previously unexplored
dimension of investigation. Currently available (statisti-
cally limited) time-like experiments exhibit puzzling
features in their threshold cross sections and electric and
magnetic form factors. At the STCF, the time-like
nucleon and hyperon form factors will be measured for
Q2 values as high as 40 GeV? with precisions that match
those of existing results for the proton and neutron in
the space-like region. Moreover, hyperon polarizations
will enable new determinations of their parity-violating
decay asymmetries and can be used to extract the
complex phases between their electric and magnetic
form factors. At the STCF, the Collins effect will be
able to be measured in the inclusive production of two
hadrons at the percent level, thereby providing valuable
input for the interpretation of nucleon spin-structure
measurements at high-energy electron—ion colliders that
are currently under construction in China and the U.S.

Electroweak interaction, flavor physics and CP
violation

The electroweak interaction based on SU(2); x U(1)y
is an integral part of the SM. There are many free
parameters in the theory. It is fair to say that the
underlying structure of the SM is flavor physics; most of
the 19 fundamental parameters of the SM are the
masses of the quarks and leptons and their flavor mixing
angles. As discussed in Section 2.4, the large number of
7 pairs produced at the STCF will provide much more
accurate measurements of the electroweak couplings and
test the universality of the weak interaction. Many other
SM parameters can also be measured to further test the

SM.

One of the most important tests of the SM is to see
how well the CKM mechanism works. The most general
tests of the SM that involve the CKM matrix are to
confirm its unitarity and the internal consistency of its
elements. The SM coupling strengths for the u ++ s and
¢+ d transitions are both equal to Gpg|sind.|, with a
small, well-understood O(10~*) correction. Here, G is
the Fermi constant, and 6c is the Cabibbo angle. Any
significant difference in |sind.| extracted from different
quark transitions would be an unambiguous sign of new
physics.

The ~0.2% precision from nuclear 3 (|V,q|) and kaon
(IVus|) decays is more than an order of magnitude better
than the precision from D, (|V.s]) and D (|V.q|) decays,
which is ~3%, based on statistics-limited BESIII
measurements of the D —ptv, DT — ptv and
D% — K~ (r~)¢*v decays. The clean environments for D
and D, mesons produced by (3770)— DD and
w(4160) — D! D,, respectively, which are unique to an
STCF-like facility, are especially well suited for low-
systematic-error c-quark transition measurements. Year-
long STCF runs at 3.773 GeV and 4.160 GeV would
reduce the errors on c-quark-related determinations of
|sind.| to the (0.1-0.2)% level and match those from f
and kaon decays. The STCF will produce a large
number of 7 pairs, allowing more precise measurements
of 7= K v,and 7 — 7~ v, to be carried out. This will
also enable the determination of the value of 4..

Searching for a non-SM source of CPV is a promising
strategy for uncovering signs of physics beyond the SM.
To date, intensive investigations of CPV with beauty
and charmed mesons and in the neutral kaon system
have not revealed any deviations from expectations
based on the Kobayashi-Maskawa mechanism. The good
agreement between the SM calculation of ¢'/e and its
measured value restricts the level of non-SM CPV for
non-SM parity-changing decays involving s quarks to
<6x107° but allows for asymmetries at O(1073) in
hyperon parity-conserving decay processes such as
A — pr—and Z- — An~. At the STCF, using quantum-
entangled, coherent AA and Z~Z% pairs produced via
J/w decays, a comprehensive search for non-SM CPV
asymmetries could probe the sensitivity level between
1073 and the SM level of ~ 6 x 107°. Notably, the sensi-
tivities for CPV in hyperon decays depend linearly on
the hyperon polarization, and thus, a future option for
an ~80% polarized e~ beam at the STCF would boost
the discovery potential for hyperon CPV by more than
an order of magnitude.

Various CPV processes involving 7 leptons have been
discussed. A particularly interesting one is CPV in
7 — Kgmv. Until now, the sensitivity for CPV has been
at only the O(1%) level when studying 7 — Kgmv decays
using unpolarized 7 leptons. The corresponding CPV
sensitivity for one year of STCF data at E.,, =4.26 GeV

M. Achasov, et al., Front. Phys. 19(1), 14701 (2024)
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Table 3.1 Summary of the physics processes and the corresponding responses to be optimized.

Physics process

Optimized parameter

T = Kemvr; J/y — AA
T = yu; T —= Ul Dy — pv; D — muv
ete” > ntn™ + X, KK+ X; Ds — v,

T =y J/y — AA

+ +

e'e —nn,e

DY 5 Kpntn™

e = ynn

Vertex reconstruction; tracking (efficiency, momentum resolution)

PID (range, u/m suppression power, efficiency)
PID (range, m/K and K /7 misidentification, efficiency)
Photon (position/energy resolution)

n (position/time resolution)

K, (position/time resolution)

will be ©(10~%), which is the level expected for the well-
understood influence of SM CPV effects in the neutral
kaon meson system. The future polarized e~ beam
option would enable unambiguous probes for new-
physics sources of CPV in r-lepton decays to final states
that do not contain neutral kaons, such as 7= — 7= #°
Searches for CP violation in heavy hadron decays and
n/n — wm decays could also be carried out at the STCF.

V.

Other searches for new physics beyond the SM

With high luminosity, a clean collision environment
and excellent detector performance, the STCF will have
great potential to search for rare and forbidden decays
and will serve as a powerful instrument for other investi-
gations of physics beyond the SM. Such searches can be
classified into three categories: i) decays via a FCNC, ii)
decays with LFV, and iii) decays with LNV. The STCF
will support searches for r-lepton LFV and LNV decays
with sensitivities of 1078 to 107°. In addition, as
discussed in Section 2.6, it will serve as a platform to
search for proposed new low-mass particles such as dark
photons, light scalars and millicharged particles.

The physics program at the STCF is a multidimensional
program. We emphasize that the unprecedentedly high
luminosity in the energy region of 2—7 GeV offers great
physics potential, enabling us to develop a much more in-
depth understanding of the challenges facing the SM and
hopefully providing some clues or solutions for overcoming
them. It will play a crucial role in leading the high-
intensity frontier of elementary particle physics world-
wide.

3 Detector

3.1  Physics requirements

To access the physics potential and scientific merits of
the STCF and to understand the demands on the
machine and detector performance from a physics
perspective, the physics requirements of the detector
design are proposed from several benchmark processes,
as listed in Table 3.1 along with the corresponding
parameters to be optimized. The processes cover a wide
range of physics programs including CPV tests in the 7

lepton, baryon and charm meson sectors, searches for
charged lepton flavor violations (cLFVs), tests of the
unitarity of the CKM matrix, nucleon structure
researches via electromagnetic form factors and fragmen-
tation functions, etc. In Table 3.1, and in the text over-
all, chrgl/chrg2 denotes the sepatation of the signal
particle chrgl from the background particle chrg2. Both
the misidentification rate and the suppression power are
used to evaluate the power of the particle identification.

3.1.1  Charged particles

The main goal of the STCF is to precisely measure the
production and decay properties of various particles, i.e.,
charmonium states, XY Z particles, 7-leptons, charm
hadrons and all hyperons. It is crucial to be able to
detect charged final-state particles with an excellent
tracking efficiency and momentum resolution. Figure 3.1
shows the momentum distribution for charged particles
(e, p, m, K and p) from several physics processes. The
momenta spectra cover a large range, spanning as high
as 3.5 GeV/c, while most particles have momenta less
than 2.0 GeV/c. In addition, there are a considerable
number of particles with momenta values lower than 0.4
GeV/c. This requires the detector to be able to cover a
large momentum range with high reconstruction effi-
ciency.

Vertex resolution

The STCF has unique features of rich resonances and
the threshold production of hadron pairs, which makes it
a clean place to study their properties with high detection
precision and a low background. Due to the threshold
characteristics, the decay lengths of most particles with
finite lifetimes, i.e., D°, D*, end immediately after the
production points. Therefore, the time-dependent analysis
of DY decay is not applicable at STCF for the study of
D%—D° mixing. Instead, with the charm meson pair
produced near the threshold, i.e., ete™ — D*9D% 4-c.c. at
Vs = 4.009 GeV, the mixing parameters of D°~D can be
estimated with much better sensitivity by means of a
quantum coherence approach. As a consequence, the
vertex measurement of the tracks with a precision of
hundreds of pm is sufficient to meet the needs of most
physics programs at the STCF. For some special physics
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Fig. 3.1 Momentum distributions of charged particles
from various processes at the truth level, normalized to 10*
entries.

such as 7 lifetime measurement, vertex resolution

requirements should be re-evaluated.
Tracking efficiency

In the benchmark processes of testing CPVs in
hyperon decays, J/y — AA and J/y — ==+, the charged
pions in the final states have low momentum within the
region of (0, 0.3) GeV/c while the momentum of protons
is relatively high within the region of (0.6, 1.0) GeV/c.
In the process of testing CPVs in r-lepton decay,
7= — K,m7v,, the charged pions mostly accumulate in
the low-momentum region. For most charm meson D or
D, decays, the momenta of the final states are low due
to large multiplicities.

The optimization of tracking efficiency is studied for
charged pions. Six different efficiency curves of charged
pions are applied, as shown in Fig. 3.2(a), where curvel
is the real detection efficiency curve obtained from

a ]
@ 100 4
90 -
g 80—;
= 70 4 — Curvel
=) E !
=R — Curve2
Y — Curve3
£ 50 E Curved
40 Curves
30 3 — Curve6
b S LR B L AL L
000 005 010 0.I5 020 025

pr(m) [GeVic]

BESIII detector, while curve 2—6 are obtained by multi-
plying the detection efficiency of curve 1 by a factor of
1.1, 1.2, 1.3, 1.4 and 1.5, respectively. These efficiency
curves are applied to various benchmark processes, and
the improvement in the detection efficiency A(e) to that
of the unoptimized state is depicted in Fig. 3.2(b). The
value of A(e) is related to the number of final charged
particles with low momentum; thus, A(e) is larger in
Df — KtK~-rtthanin J/y — AA — pr—an® Theefficiency
is most optimized for curve 2 in all the processes, which
corresponds to a pion tracking efficiency of 90% at
pr = 0.1 GeV/c within the detector acceptance. Under
this optimized efficiency curve, the physics requirements
can be achieved: sensitivities for CPV in A hyperon
decay on the order of AAA, < O(107%) and in 7 lepton
decay on the order of 0(10~3) and plenty of reconstructed
D, mesons for further (semi)leptonic decays.

The polar angles of the particles from various
processes in Fig. 3.1 are usually uniformly distributed,
and therefore, a large acceptance, i.e., |cosf| < 0.93, is
needed.

Momentum resolution

A good momentum resolution for charged particles,
especially for low-momentum tracks, is important in
distinguishing signals from background events. For
example, in the rare semileptonic decays of hyperons,
=~ — Ae v, the dominant background comes from
pionic decay == — Anr~. A good momentum resolution
for low-momentum pions and electrons is essential to
separate the signal from the background in this process.

The momenta of charged particles are usually
measured by their flight trajectories in a magnetic field.
With more points measured on the trajectory, more
accurate track position is obtained, and better momentum
resolution can be obtained. In addition, for tracks associ-
ated with low momentum, the main effect on the
momentum resolution comes from multiple Coulomb
scattering on the material in the detector. Therefore, a

(b) 22 7

20 3
18 3
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8 3
=
43
*
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Trk. curve

Ae) [%]

0 Jhy—AA— pr i’

Fig. 3.2 (a) Six tracking efficiency curves of charged pions used for optimization of benchmark processes. (b) The relative
improvement in the detection efficiency A(e) for the processes for the six efficiencies, where solid circles represent

D} — KTK~nt, triangles represent 7~ — Kgn~ v, and open circles represent J/y — AA — pr~an’.
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material with a low atomic number Z is required in the
detector.

Next, we discuss the effect of position resolution on
momentum measurement from D meson decay processes
whose final states are in a moderate momentum region
and J/w — AA with low-momentum pions. The recon-
struction of ete™ — DD produced near the threshold
exploits two key variables that discriminate the signal
from the background, the energy difference
AE =F — Epean and the beam constrained mass
Mpe = \/EZ,./c* — p?/c?, where Eyey is the beam energy
and E and p are the total measured energy and three-
momentum of the charm meson, respectively. Three sets
of position resolutions are applied, i.e., o,, = 100, 150
and 300 pm. The results indicate that a better position
resolution for the charged track would improve the reso-
lution of AE and Mg, as shown in Figs. 3.3(a) and (b),
but the improvement is not significant. In addition, the
variation in detection efficiency in .J/y — AA is examined,
yielding similar results, as shown in Figs. 3.3(c) and (d).

Considering that an acceptable position resolution
that trivially affects the momentum measurement
compared with multiple scattering is sufficient for
physics, a charged particle position resolution better
than 130 pm and a corresponding charged track momentum
resolution of o,/p=05% at p=1GeV/c are needed.
Possible contribution from multiple scattering in the
momentum measurement will be discussed in Section
3.5.

3.1.2  Photons

Photons are one of the most important particles in the
final states at the STCF, and they are involved in many
physics programs, as shown in Fig. 3.4. The energy (E)
of photons can be as high as 3.5 GeV, although multiplicity
is rare when the energy is £ > 2 GeV. For example, the
ete™ — vy process with energy of photon equal to beam
energy is essential for the luminosity measurement. In
addition, the photon energy can be as low as dozens of
MeV, such as w(3686) — yn.(25) and D¥ — D, It
requires the detector to be able to cover a large energy
range with high efficiency. The energy coverage of
photon detection is therefore required to be from
25 MeV to 3.5 GeV. The energy and position resolution
are two key parameters for photon detection. Besides, to
distinguish the neutral tracks and suppress the noise
photons, a time resolution of hundred ps is required for
the calorimeter system, which will be further discussed
in Section 3.1.3.

The resolution of photon detection is crucial for the
reconstructed mass spectra of various particles containing
photons, such as 7% where the energy of most =0 is
located below 1.5 GeV at the STCF. The evolution of
the 7° mass spectra is studied with various photon
energy/position resolutions. The root mean square (RMS)

value of M,o shows that for low momentum =° the
invariant mass resolution is significantly improved with
a finer photon energy resolution, while for high momentum
79, the mass resolution of 70 is significantly improved
with finer photon position resolution, as shown in
Fig. 3.5. Similar conclusions can be drawn in the study
of other mass spectra.

In the charged lepton-flavor-violation (cLFV) process
T — v, the signals are distinguished from the background
by constructing the mass and energy distribution of the
vp system, where the reconstruction of photons is the
main source of the resolution of these spectra. Moreover,
one of the dominant background signals comes from the
misidentification of v from 7% A good energy and position
resolution can help to improve the resolution of signals
and hence the signal-to-background ratio. According to
Fig. 3.4, the energy of photons in 7 — yu ranges from 0.5
to 1.7 GeV, a range in which the position resolution of
photons matters Different sets of detector
responses are applied in the estimation of experimental
sensitivity in 7 — yu, with the energy and position reso-
lutions of photons varying from 2.0% to 2.5% and from
3 mm to 6 mm, respectively. It is found that to obtain
the ability to probe the cLFV process r — vyu with an
upper limit of better than 108 at the 90% confidence
level (C.L.), the energy and position resolutions of
photons with 1 GeV energy are required to be better
than 2.5% and 5 mm, respectively. It should be noted
that, though the detector is required to reconstruct
photons with energy up to 3.5 GeV, the energy resolution
is not that strict since the ete~ — 4y process can be
easily distinguished from hadronic backgrounds with a
proper energy window and back-to-back angle require-
ments.

A good position resolution is also important in the
detection of other neutral particles. In process J/y — AA
with A — pr~—and A — fan®, the dominant background
comes from J/y— AX® with an additional final state
photon. The various position resolutions can affect the
mass window for the reconstructed A. The simulation
result shows that with a better position resolution, the
resolution of My can be improved significantly. The effi-
ciency for reconstructing the process is increased by 9.3%
when the position resolution is improved by a factor of
20%, i.e., from 6 mm to 5 mm in the photon case.

more.

3.1.3  Neutral hadrons

Apart from photons, other neutral particles, such as
neutrons and K, are also involved in many interesting
physics programs, as shown in Fig. 3.6: the studies of
neutrons are important to understanding their internal
structures and improving knowledge for hyperon decays
containing neutrons; D° — Kyntn~ is one of the benchmark
processes for the study of D°-D° mixing and CPV by
means of the quantum coherence of D° and D° produc-
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Fig. 3.4 Energy distribution of photons at the truth level,
normalized to 10* entries.

tion.

It is essential to have a good ability to separate
neutral hadrons and photons since the latter are the
dominant background sources for the former. For exam-
ple, in processes ete™ — nii and Dy — Kratn~, the domi-
nant backgrounds come from the photon contamination
in efe™ = vy and Dy — Kgntn~ with Kg — 7%70, respec-
tively. Due to the electrically neutral nature of these
hadrons and that they can deposit only part of their
energy into the calorimeter, distinguishing neutral
hadrons from photons is difficult. According to the
demand, more information from the detector is needed
for the identification of neutral hadrons. In fact, a time-
of-flight difference can serve as an effective way to help
distinguish neutrons and K; from photons. Figure 3.7
shows the expected time resolution for the separation of
neutrons/K; from photons with a power of 3o with
respect to their momentum for a flight length of 1.5 m.
We therefore propose a momentum-dependent time reso-
lution for neutral hadrons, i.e., or =300/\/p3(GeV?) ps,

M. Achasov, et al., Front. Phys. 19(1), 14701 (2024)

14701-45



Fe > FRONTIERS OF PHYSICS

(a) %107
8 J
7 3
— b e
L 5 P -
5 ™ ot — AENE=25%
| 45] o ==
= 4 4 .
Z = e AEINE=1.75%
=4 3
5 ] —- AEINE=125%
g 4 —  AEWNE=0.75%
oY1 11
02 04 06 08 10 12 14 16
p(@°) [GeV/e]
Fig. 3.5

o, when E =1 GeV.

that fulfills 30 v/n separation and an approximately 2o
~/Kp, separation. Under these requirements, the physics
goals of measuring mixing parameters of D°-D° with a
precision better than 0.05%, and electric-magnetic
neutron form factors with a precision better than 1%
can be achieved.

3.1.4  Particle identification

/K identification

The identification of 7 and K at the STCF is essential
for charm physics, 7 physics and fragmentation function
(FF) studies, etc. The momentum region of n/K
produced from charm hadrons or 7 leptons are within
1.5 GeV and that from FF studies can be as high as
3.5 GeV. The quark-hadron FF is essential for under-

10+ STCF CDR —— K, in D" decay @ 3.773 GeV
K) in D'— Kjnm at 3.773 GeV
nin A, decay @ 4.7 GeV
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Fig. 3.6 Momentum distribution of neutral particles
(Kr/n) from various physics processes, which is depicted at
the truth level and normalized to 10* entries.
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standing the formation of observed hadrons from QCD
partons, while an eTe™ collider provides a clean place for
the study of hadronization. Both the unpolarized and
polarized FFs can be measured at the STCF by inclusive
production of one or two hadrons. Since a wide momentum
range of FFs with high precision are necessary at the
STCF, the STCF must have the ability to identify all
kinds of final state hadrons with excellent separation
power.

Taken the study of FFs as an example, in the study of
the Collins FF via ete™ - KK + X at /s=7 GeV, the
dominant background comes from n/K contamination.
The momentum spectra of wand K can be up to
3.5 GeV/c, with most events accumulating less than
2.0 GeV/c according to Fig. 3.1, which requires good
7 /K identification abilities with momentum up to at
least 2.0 GeV. In addition, the yields of K are at least
one magnitude lower than that of = in the production,

e 3on/yid

30K /yid

AT [ps]

102 5

T T T T T T T T

02 04 06 08 10 12 14 16 18 20
pGeV/c]

Fig. 3.7 Expected time resolution (AT) for distinguishing
neutral particles, neutrons/ K, from photons with a separation
power of 30 versus their incident momenta for a flight length
of 1.5 m.
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Table 3.2 Benchmark physics processes used to determine the physics requirements of the STCF detector.

Process Physics interest Optimized subdetector Requirements
T — Ksmr, CPV in the 7 sector, Acceptance: 93% of 4m; Trk. Effi.:
J/y — AA, CPV in the hyperon sector, ITK+MDC > 99% at pr > 0.3 GeV/c; > 90% at pr = 0.1 GeV/c,
Dy, tag Charm physics op/p =0.5%, 0,4 =130 pm at 1 GeV/c
ete” - KK+ X, Fragmentation function, PID m/K and K /m misidentification rate < 2%,
D,y decays CKM matrix, LQCD, etc. PID efficiency of hadrons > 97% at p < 2 GeV/c
T = [Ufbfly T = Yfdy cLFV decay of T, PID4+MUD u/m suppression power over 30 at p < 2 GeV/c,
Dy — pv CKM matrix, LQCD, etc. u efficiency over 95% at p = 1 GeV/c
T = YH, cLFV decay of T, EMC op/E ~25% at E=1 GeV,
w(3686) — yn(2S) Charmonium transition Opos 5 mm at £ =1 GeV
ete” = nn Nucleon structure _ 300
’ EMC+MUD or = =20 __pg
Do — Kpntn™ Unity of CKM triangle VP?(GeVh)
leading to a worse situation in the study of measurement of CKM matrix element |V.|in Dy — pv,.

ete™ — KK + X due to 7 contamination. It is found that
background contamination affects the asymmetry distri-
butions of final hadrons, which leads to an underestimation
of the asymmetry. The background effects are studied
under two situations: first with /K misidentification of
10% at p =2 GeV/c¢, where the background level from =
contamination in ete” — KK + X is over 50%, and
second with 7/K misidentification of <2% at p=
2 GeV /¢, where the background level from 7 contamination
is 4%. Because the precision of the Collins effect must be
better than 7% for spin structure measurements in elec-
tron-ion colliders, the /K misidentification must be less
than 2% at p = 2.0 GeV/c¢ and the corresponding identi-
fication efficiencies for the hadrons must be over 97% at
the STCF.

/7 identification

In electron—positron collider experiments, the identifi-
cation of muons is of great importance for a wide range
of physics program involving XYZ physics, 7 physics
and (semi)leptonic decays of charm mesons, rare decays,
etc. According to Fig. 3.1, muon identification with
p < 2 GeV is essential. A good p detection efficiency and
suppression power of y/m are required at the STCEF.

Two benchmark processes are applied to study the
requirement for u/7 separation at high energy, e.g.,
p>0.5 GeV/c, the CPV of 7 decay 7= — K,n v, with
another 7% — y*v,v,, and the pure leptonic decay of D,
decay D, — uv,. Three values for the misidentification
rate of p/m, 1%, 1.6%, and 3% at p=1GeV/c, are
tested; these values correspond to muon identification
efficiencies of 85%, 92% and 97%, respectively. It is
found that higher u-ID efficiency is favored under the
low background level. Therefore, a p/m suppression
power of 30 up to a momentum of 2 GeV /¢ with a high
identification efficiency for muon to be 95% with
momentum p > 1 GeV/c¢ are needed, which can meet the
physics goal of achieving a sensitivity of 0.15% for the

In addition, in the semileptonic decays of Dy, such as
the D,y — 7~ p* v, process, low-momentum /7 separation
is essential in the background estimation for the purity
of the selected sample; thus, good u/7 separation at low
momentum is needed.

3.1.5  Summary of the physics requirements

From the discussions illustrated above, the quantified
requirements from the physics perspective are listed
below and summarized in Table 3.2.

o Tracking: An excellent tracking efficiency better
than 99% is required for charged tracks in the high pr
region, i.e., pr > 0.3 GeV/¢, and good tracking efficiency
at low momentum is needed, i.e., larger than 90% at
pr = 0.1 GeV/c. Good momentum resolution for charged
tracks is needed, e.g., 0,/p = 0.5% at p=1 GeV/c, where
the position resolution provided by the tracking system
should be better than 130 pm. The magnetic field for the
current machine running in the tau-charm region is set
at 1 T. However, to obtain a better detection efficiency
for low-momentum tracks and good momentum resolution
for all charged tracks, the mean value and uniformity of
the magnetic field should be optimized further.

o Particle identification: The 7/K or K/r misidentifi-
cation rate must be less than 2% at p =2 GeV/c with
the corresponding PID efficiency for hadrons to be over
97%. A p/7 suppression power of 30 up to a momentum
of 2 GeV/c is proposed, and a high PID efficiency for
muons is needed, i.e., larger than 95% at p =1 GeV/c.

e Photons: The photons need to be detected in the
EMC within a wide energy range, from E =25 MeV to
3.5 GeV. A good energy resolution is needed, i.e.,
op ~25% at E=1 GeV, and the position resolution is
required to be gy ~# 5 mm at E =1 GeV. Moreover, the
granularity of the detector affects the identification of
high energy 7°, where the opening angle of two photons
from 7° decay is small, which should be considered in
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the design of the EMC.

e Other neutral particles: a momentum-dependent
time resolution is required for v/n/K; identification, i.e.,
or = 300/+/p3(GeV?3) ps.

3.2 Experimental conditions

3.2.1  Machine parameters

The STCF is an electron—positron collider with one
interaction point (IP) and two symmetrical storage rings
with a circumference of approximately 600 meters. For
the current design, the CME ranges from 2 to 7 GeV,
and the target luminosity is over 0.5 x 103 cm=2.s7! at
the optimized CME of 4 GeV. Motivated by the wide
range of physics programs at a c.m. energy approximately
4 GeV, e.g., charm physics and X YZphysics, experimental
conditions with peak luminosity at a CME of 4 GeV are
considered in the following discussion. The luminosity
changes moderately within a few hundred MeVs around
a CME of 4 GeV.

The STCF will carry out collision with flat beams, in
which case the luminosity can be calculated by

_ 1folVp
2reBy

Ey» (3.1)

where ~ is the relativistic factor, f, is the collision
frequency, r. is the classical radius of an electron, N, is
the number of particles per bunch, By is the vertical
betatron function at the IP and ¢, is the vertical beam-
beam parameter.

To inhibit the hourglass effect with a small 8,*, a
large Piwinski angle collision is adopted, and the crossing
angle is 60 mrad to obtain a large Piwinski angle, which
results in a larger boost than that of the BEPCII and
slightly limits the coverage of the detector. Additionally,
the synchro-betatron coupling resonances are suppressed
with the crab waist scheme. The machine parameters
are listed in Table 3.3. More details on the design of the
STCF accelerator can be found in Section 2.

3.2.2  Machine detector interface

The final focus magnet QDO is a crucial element in the
machine detector interface (MDI) and is currently set
0.9 m away from the IP to balance the requirements of
the accelerator and detector. QDO is a double aperture
magnet because the distance of electron and positron
beams 0.9 m from the IP exceeds the aperture limit,
with a considerable requirement for the magnetic field
gradient. The electron and positron beams are 0.5 m
from the IP when their distance is large enough to
smoothly transition to two beam pipes. The layout of
the MDI structure considering the crucial issues above is
shown in Fig. 3.8. The layout includes a beam pipe and
a cryostat that contains the magnets near the IP and a

REPORT
Table 3.3 The designed machine parameters for the
STCF.
Parameter Value
Circumference (m) 600
Beam energy range (GeV) 1-3.5
Optimized beam energy (GeV) 2
Current (A) 2
Crossing angle 20 (mrad) 60
Natural energy spread 4.0 x 1074
Bunch length (mm) 12
Luminosity (x10*® cm™2s7%) > 0.5

helium channel to cool the magnet. In order of distance
from the IP, the magnets consist of an anti-solenoid, a
final defocus magnet (QDO0), a correcting magnet and a
final focus magnet (QF0). From innermost to outermost,
the beam pipe is composed of an inner pipe, a Y-shaped
pipe and a separated pipe.

Considering the reconstruction precision and the back-
ground level, the inner beam pipe is designed to have an
inner radius of 30 mm and thickness of 1 mm. The
precision and background level define the boundary
conditions of the radius of the ITK. With a narrower
radius of 10 mm, the expected precision of the reconstructed
position would be improved by 15% only for low-momentum
tracks (p=0.1GeV/c), with little difference for high-
momentum tracks. However, the background from lost
particles would increase by approximately nine-fold. The
angle between the marginal line of the MDI structure
and the midline of the two beams is 15°, which limits the
corresponding angular acceptance of the detector.

3.2.3  Beam background
With high luminosity and narrow beam design, the esti-
mation and inhibition of background is a crucial issue
for the STCF. The main sources of background are the
luminosity-related background, such as radiative Bhabha
scattering and two-photon processes, and beam-related
background, including the Touschek and beam-gas
effects. All of these background sources are simulated by
different source generators and then transmitted to
GEANT4 for full simulations. The background level at
the beam energy of 2.0 GeV is estimated from simulation
with a full luminosity of 1 x 103 cm~2.s~! since the lumi-
nosity is the largest at this beam energy. However, the
background level at other beam energies does not exceed
that at the optimized energy with a decrease in luminos-
ity.

Background sources

Luminosity-related background

o Radiative Bhabha scattering: In the process of
ete” = ete (n)y, both electron-positron pairs and
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Fig. 3.8 The MDI structure layout includes an inner pipe (white), Y-shaped pipe (orange and green), separated pipe
(pink), stainless shield (yellow), copper shield (blue), tungsten shield (dark red) and magnets (red).

photons are potential background signals and are consid-
ered in the simulation. The GEANT4 source particles
come from the BBBREM generator for |cosf| < 0.9 and
BABAYAGA for |cosf| > 0.9.

e Two-photon processes: In the reaction of
ete™ = v*v* = ete~ete™, the original electron-positron
pair cannot be considered due to the extreme forward
focus of the momentum after the reaction. Thus, only
the low-energy electron—positron pair is considered and
simulated by DIAG 36, while the calculated particle rate
is listed in Table 3.4.

Beam-related background

o Thouschek effect: The Touschek effect is caused by
the collision of particles in a beam bunch, which transforms
the transverse momentum to longitudinal momentum,
causing bunch spread and particle loss. The Touschek
scattering rate can be calculated by the Touschek lifetime
from the Briick model [389]. The Touschek effect mostly
occurs at the IP, where the beam is most compressed.
However, the background is more affected by the
Touschek effect from upstream because the original
particles are transported for a distance in the ring
instead of being lost immediately.

e Beam-gas effect: The beam-gas effect mainly
includes Coulomb scattering and bremsstrahlung, both
of which are caused by the reaction between particles
and residue gas in the ring and are highly influenced by
the gas pressure in the vacuum chamber. The Coulomb
scattering rate is approximately proportional to the 3
function. Therefore, Coulomb scattering from upstream
of the IP is very dangerous to the detector.

e Transport in the ring: The particles lost from the
beam due to the Touschek effect and the beam-gas effect
transport a distance in the ring, which is simulated by

the SAD program developed by KEK [390]. The aperture
in the SAD simulation is described according to the
MDI structure. The lost particles near the IP are input
to GEANT4 for further simulation, and the corresponding
distribution is shown in Fig. 3.9.

Other sources of background

o Synchrotron radiation (SR): The synchrotron radia-
tion generated in the upstream pipe may influence the
inner part of the detector system and should be carefully
considered in the accelerator design to prevent it from
directly entering the detector.

e Injection: During injection, the background maybe
increases by one or two orders of magnitude higher than
the normal level, which is determined by the method of
injection and accelerator status. In Belle II and BESIII,
the injection background is not the major background
source; thus, the detector response is not simulated in
this step.

Background simulation results

As mentioned before, the luminosity-related back-
ground, Touschek background and beam-gas background
are the main background components, which are fully
simulated with GEANT4, and the physics list
QGSP_BERT_HP is chosen. In the full simulation, 6
kinds of background signals are set as the primary particles
in GEANT4, the electron—positron pairs generated by
radiative Bhabha scattering, two photon processes, the
Touschek effect, Coulomb scattering and bremsstrahlung
and the photons generated by radiative Bhabha scatter-
ing. Each is simulated by 1 x 10° particles to obtain
accurate background estimation. After the simulation,
the detector responses to the 6 kinds of background
signals are weighted and summed according to the particle
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Table 3.4 Calculated particle rates for various background sources. The thresholds for the scattering angle and radiated
photon energy for radiative Bhabha scattering are set to 4.47 mrad and 1 MeV, respectively. The average number of radiated
photons in a radiative Bhabha event is denoted by #.. No threshold is set for the two photon process. The particle rate of the
beam-related background is calculated by the theoretical lifetime.

Luminosity-related RBB ete™ RBB photon Two photon process
Cross-section (mb) 2.99 2.99, 7,=1.3573 5.15
Luminosity (cm2-s71) 1 x 10%°
Particle rate (Hz) 5.98 x 108 1.07 x 10® 1.03 x 10°
Beam-related Touschek effect Coulomb scattering Bremsstrahlung

Particle rate (Hz) 1.12 x 10° 2.09 x 108 2.1 x 10°
generation rate shown in Table 3.4. In this case, the 60 ~10° 0.1
background influences on the detector system can be [ Touschek ) E 009
estimated well. In the simulation, there are three main 50 4 [ Coulomb , F 0.08
parameters that we are most concerned with: the total [ Bremsstrahlung d, E0.07 —
ionizing dose (TID), nonionizing energy loss (NIEL) ) 40 1 E 0.06 %
damage and background count rate of the STCF detector & i ] 3 0' s o
system. 2 I -

Figure 3.10(a) shows the TID value distribution in the K 20 1 g

RZ plane, which is divided into 1 cubic cm pixels. The 003 <
average value of TID in various STCF detector subsystems 10 '] p 002
and electronic systems, as well as the maximum TID r| (-
value, are calculated. These results indicate that the 0 a5 'J;' IR Y i_' 'jé' T 0

first layer of the silicon-based ITK has the highest TID,
with a value of 1170 Gy/y. For detectors and electronics
other than the ITK, the TID 1is less than
20 Gy/y, which is tolerable for the current technologies.
Figure 3.10(b) displays the NIEL damage distribution in
the RZ plane. The simulated result shows that the NIEL
damage of all of the important detector and electronic
systems is below 10'! equivalent 1 MeV neutron-cm 2-y !
(for silicon). For the plastic scintillator detector in the
MUD, the NIEL damage is on the order of 10! equivalent
1 MeV neutron-cm2-y ! because many more low-energy
protons are produced via the neutron elastic reaction,
which has an extremely high equivalent neutron coeffi-
cient. The background count rate distribution is shown
in Fig. 3.10(c). For different detectors, suitable thresholds
are used. For the gaseous detector, the deposition energy
threshold of the background count is set to 100 eV. For
scintillator detectors, the deposition energy threshold of
background hits is 0.15-0.5 MeV. For Cherenkov detec-
tors, the kinetic energy of incident electrons is 0.185 MeV,
corresponding to the Cherenkov light generation demand.
It is shown that the MDC has the highest background
count level because this detector is composed of 48 layer
wires. The maximum background rate per cm? occurs in
the first layer of the ITK, necessitating a good detector
design to realize an acceptable occupancy level.

Figure 3.11 shows the contributions of the luminosity-
related background and beam-related background to the
TID, NIEL damage and background count. Tables
3.5-3.7 list the TID, NIEL and count rate of the detector
subsystems and electronic subsystems, respectively.

z position [m]

Fig. 3.9 Particle distribution near the IP if it hits the
vacuum chamber for the electron beam, which is supposed to
transfer from left to right. The positron beam is considered
lost at the symmetrical position from the IP. The dark blue
line and light blue line means the radius of the beamline in z
and y direction, respectively. The yellow line means the bias
distance between the center of the electron/positron cluster
and the center of the beam pipe in the shared pipe section.

These simulated results indicate that the beam-related
background sources, especially Coulomb scattering, are
the major contributors under full luminosity conditions
in the inner detector subsystems. Radiative Bhabha
scattering is the main influence on the outer detector
subsystems, while the two-photon process has less influ-
ence. Coulomb scattering is the major component of the
beam-related background because the Touschek-and
Bremsstrahlung-produced electron—positron pairs have
large probabilities of appearing downstream of the beam
pipe, while Coulomb scattering-generated particle loss
appears around the IP.

Comparison and validation

Since the beam energy range of the STCF is similar to
that of BESIII, it is helpful to compare the background
results with those of BESIII. The count rate of the
BESIIT MDC layer at radius = 20 cm is approximately
100 Hz/cm? with a beam current of 0.45 A and a luminosity
of 0.3 x 10%* ecm 2-s'! at BESIII. The luminosity-related
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Fig. 3.11 The contribution of the background to the TID, NIEL damage and count.

background is proportional to the luminosity. The beam-
related background dominated by Touschek is roughly
proportional to the beam current (4.4) and inversely
proportional to the beam size (35). Thus, the expected
count rate under ideal experimental conditions is
approximately 1.35 MHz/channel for the innermost
STCF MDC layer. The simulated data is 450 kHz/chan-
nel, indicating a 3 times of difference. Considering the
uncertainty of the extrapolation, the 3 times of difference
is acceptable and the simulation result is reasonable.
Also, the high luminosity in STCF requires for a much
better MDI design compared with that in BESIII, which
would further suppress the background interference.
Thus, the predicted background level is close to the
simulation result, and the simulated data would be used
to evaluate the detector spectrometer performance in
this step.

3.2.4  Conclusion

The basic MDI geometry is designed with limits on the
radius of the ITK larger than 33 mm and acceptance
larger than 15°. Several kinds of luminosity-related and
beam-related background sources are generated by optimal
generators and fully simulated with GEANT4. The
simulation shows that the TIDs of the detectors and
electronics are below 1500 Gy/y. Additionally, the NIEL

damage in all of the detector and electronic volumes is
below 10" equivalent 1 MeV neutron-cm 2y '. The
background count simulation result indicates that in
most detector subsystems, the occupancy and s/n ratio
problems caused by the background count are moderate.
With a well-designed detector and electronics, the STCF
detector is expected to operate safely under these condi-
tions. Although the current background level is accept-
able, MDI upgrades, such as adding shieldings and colli-
mators, will be the next stage of study to ensure safety
in a real machine.

3.3 Detector design overview

3.3.1  General considerations

The STCF detector system has to deal with challenges
from particle detection and identification of particles in
a large kinematic phase space and a high radiation and
counting-rate environment induced by the high luminos-
ity, as described in Section 3.2.3. Adequate radiation
resistance and fast response is required for the STCF
detector, especially for the inner part of the detector.
Data would be taken at a rate 2—3 orders of magnitude
higher than that of the BEPCII. This places stringent
demands on the performance of the trigger and data
acquisition system.
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Table 3.5 GEANT4 simulated TID and NIEL in the STCF subdetectors. The numbers are given as the mean values
along the beam direction for each subdetector. For the ITK, the results are given for two different design options, the silicon

pixel-based and the yRWELL-based designs.

Detector TID value (Gy/y) NIEL damage (1 MeV neutron-cm 2y 1) Total count rate (Hz)
Silicon-inner-1 1170 2.71 x 10*° 3.90 x 108
Silicon-inner-2 243 1.02 x 10° 3.59 x 108
Silicon-inner-3 64.9 1.71 x 10'° 2.92 x 108

pRWELL-inner-1 10.9 9.95 x 10° 5.35 x 108
pRWELL-inner-2 4.55 1.15 x 10'° 4.75 x 108
pRWELL-inner-3 4.66 1.44 x 10'° 6.81 x 10®
MDC 11.0 4.27 x 101° 7.27 x 10®
PID-Barrel (RICH) 2.96 8.67 x 10° 4.50 x 108
PID-Endcap (DTOF) 1.34 4.65 x 10° 8.30 x 108
EMC-Barrel 0.35 1.41 x 10*° 2.64 x 10°
EMC-Endcap 0.32 7.26 x 10° 9.38 x 108
MUD-Barrel-RPC 0.028 3.23 x 108 5.58 x 108
MUD-Barrel-Scintillator 0.040 3.89 x 10*! 1.06 x 107
MUD-Endcap-RPC 0.017 7.03 x 107 3.53 x 108
MUD-Endcap-Scintillator 0.027 1.86 x 10! 1.22 x 107

Table 3.6 GEANT4 simulated TID and NIEL in the STCF subdetectors. The numbers are given as the maximum values
along the beam direction for each subdetector. For the inner tracker, the results are given for two different design options,

the silicon pixel-based and the yRWELL-based designs.

Detector Highest TID value per pixel

Highest NIEL damage per ?ixel

Highest count rate per channel

(Gy/y) (1 MeV neutron-cm 2-y 1) (Hz/channel)
Silicon-inner-1 3490 1.75 x 10 2.61 x 102
Silicon-inner-2 320 3.72 x 10*° 2.74 x 10*
Silicon-inner-3 150 2.68 x 10'° 8.51 x 10°
pRWELL-inner-1 118 1.12 x 10'° 3.35 x 10°
pRWELL-inner-2 61.8 1.46 x 10'° 1.63 x 10°
pRWELL-inner-3 38.6 5.67 x 10'° 1.61 x 10°
MDC 60.5 4.87 x 10*° 4.00 x 10°
PID-Barrel (RICH) 4.25 1.07 x 10*° 3.3 x 10°
PID-Endcap (DTOF) 44.3 1.98 x 10*° 1.20 x 10°
EMC-Barrel 21.1 1.76 x 10° 9.00 x 10°
EMC-Endcap 45.1 1.88 x 10° 1.50 x 10°
MUD-Barrel-RPC 0.093 3.74 x 10! 1.76 x 10®
MUD-Barrel-Scintillator 0.047 4.88 x 10*! 1.15 x 10°
MUD-Endcap-RPC 0.37 1.22 x 1010 2.83 x 10*
MUD-Endcap-Scintillator 0.24 2.79 x 10'? 9.8 x 10*

For many benchmark physics studies at the STCF, as
described in Section 4, systematic errors will be the
dominant factor limiting the measurement precision and
may come from

o uncertainty of detector acceptance and response,
including uncertainties of the geometrical acceptance
and detector efficiencies and non-linearity of detector
response;

e mismeasurements by detectors, such as misrecon-
structed tracks and photons, and particle misidentifica-
tion;

e uncertainty in the luminosity measurement, energy
calibration, trigger, etc.

To achieve optimal detector performance for precise

reconstruction of exclusive final states produced at the
STCF, the general requirements for the STCF detector
system include the following

o (nearly) 47 solid angle coverage for both charged
and neutral particles and a uniform response for all
particles;

e excellent momentum and angular resolution for
charged particles and high energy and position resolution
for photons;

e high reconstruction efficiency for low momentum/
energy particles;

o superior PID capability (e/u/n/K/p/v and other
neutral particles);

e precise luminosity measurement;

14701-52

M. Achasov, et al., Front. Phys. 19(1), 14701 (2024)



REPORT

FRONTIERS OF PHYSICS f P

Table 3.7 GEANT4 simulated TID and NIEL values in the STCF electronic subsystems.

NIEL damage

Electronic component  TID value (Gy/y) (1 MeV neutron-cm"
Inner-1-electronic 1420 5.09 x 10'°
Inner-2-electronic 238 2.22 x 10"
Inner-3-electronic 95.9 2.95 x 10'°

MDC-electronic 5.2 6.44 x 10°

PID-Barrel-electronic 2.45 6.87 x 10°

PID-Endcap-electronic 1.02 2.70 x 10°

EMC-Barrel-electronic 0.046 1.51 x 10°

EMC-Endcap-electronic 0.67 9.44 x 108

MUD-Barrel-electronic 0.020 1.45 x 108

MUD-Endcap-electronic 0.28 1.87 x 108

— Highes.t TID value per  Highest NIEL damage ger}l:)ixel
v pixel (Gy/y) (1 MeV neutron-cm 2y )
1460 5.94 x 101°
250 2.35 x 1010
97.2 3.24 x 10*°
7.4 2.20 x 10*°
2.95 8.37 x 10°
6.81 3.96 x 10°
1.03 3.88 x 10°
60.5 1.78 x 10'°
0.065 3.42 x 10!
3.56 1.79 x 10°

o radiation hardness and high rate capability in the
high radiation and counting-rate environment expected
at the STCF.

Since the momenta of most final-state particles are
below 1 GeV/c, a low-mass design is required for the
tracking system, especially for the very low momentum
region, where the multiple scattering effect dominates. A
separate inner tracker is used in the tracking system to
enhance tracking performance for low momentum parti-
cles. A low-mass tracking system would also greatly
benefit the energy measurement of low-energy photons
by the EMC. Fast response is required for the crystal-
based EMC to preserve its excellent intrinsic energy
resolution. The extra high radiation level in the inner
and forward regions of the STCF experiment demands
detector and electronics technologies with significantly
high radiation resistance and rate capability. Powerful
trigger and DAQ systems are required to handle the
very high physics event rate up to 400 kHz and the large
data flow expected at the STCF.

3.3.2  Overall detector concept

The conceptual layout of the STCF detector system is
shown in Fig. 3.12. The 2D and 3D detector geometries
are shown in Fig. 3.13. Along the radial direction from
the interaction region, the major detector components
are as follows:

e an ITK consisting of three layers of low-material
budget silicon or gaseous detectors, closest to the beam
pipe and covering a polar angle range of 20° to 160°, to
achieve high tracking efficiency for very low-momentum
charged particles;

e an MDC tracking detector based on He-gas to
provide efficient and precise trajectory measurements for
charged particles;

e a RICH detector for PID in the barrel to distinguish
charged hadrons at high momentum;

e a time-of-flight detector based on the detection of
the internal total-reflected Cherenkov light, DTOF, for
PID in the endcap;

e a homogeneous EMC composed of trapezoid-shaped
pure Csl crystal scintillators to precisely determine the
photon energy;

e a superconducting solenoid outside the EMC to
produce a uniform and stable magnetic field of 1 T}

e a multilayer flux return yoke instrumented with
plastic scintillator strips and resistive plate chambers
(RPCs) to serve as an MUD to provide sufficient u/m
suppression power.

The tracking system consists of two components, the
ITK and MDC, to cope with the high radiation level of
the tracking layer closest to the beam pipe and to
reduce the material budget as much as possible. The
PID system is also split into two parts, the RICH detector
in the barrel and the DTOF detector in the endcap, to
take into account the different times of flight of particles
with different polar angles.

The primary performance requirements for the STCF
detector have been presented in Table 3.2 and are listed
below:

o Low-momentum tracking efficiency >90%
100 MeV /¢, low material budget (< 0.01X,) for ITK;

e Momentum resolution < 0.5% @ 1 GeV/¢, dE/dx
resolution < 6%, and low material budget (< 0.05X,) for
MDC.

o PID 7/K misidentification rate <2% and PID effi-
ciency >97% up to 2 GeV/c with a modest material
budget (< 0.3X));

e EMC energy resolution ~2.5% @ 1 GeV, position
resolution ~5 mm @ 1 GeV;

e MUD u/7 suppression power > 30, with p detection
efficiency > 70% @ 0.5 < p < 0.7 GeV/¢, and u detection
efficiency > 95% @ p > 0.7 GeV/c.

Q

3.4 Inner tracker (ITK)

3.4.1 Introduction

The STCF physics programs demand high detection effi-
ciency and good spatial resolution for charged particle
tracks while imposing no explicit requirements on vertex
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Fig. 3.12 Schematic layout of the STCF detector concept.

reconstruction. As a consequence, the main tasks of the
STCF inner tracker are to detect particle hits of charged
particles, especially those with very low momentum,
below 100 MeV/¢, and to facilitate the reconstruction of
charged particle tracks with the MDC. In this section,
the performance requirements of the inner tracker and
the conceptual baseline designs are described. The
resulting expected performance is also discussed through
a simulation study.

3.4.2  Performance requirements and technology choices

The major performance requirements for the inner
tracker for realizing the expected detection capabilities
are listed below:

o Low material budget: about 0.25% X, for each
detector layer.

e Spatial resolution: single-hit spatial resolution
better than 100 pm in the r—¢ direction.

¢ Detector occupancy: not exceeding a few percent.

o Radiation tolerance requirements as described in
Section 3.2.3.

Several detector technologies can fulfill the requirements
above, such as micropattern gaseous detectors (MPGDs)
and silicon pixel detectors. A silicon pixel detector [391]
was used as the vertex detector at the STAR [392] and
Belle II [393] experiments, showing good performance in
spatial resolution and rate capabilities [394]. MPGD-
based detectors, a cylindrical gas electron multiplier
(CGEM) detector [395], was used as the inner tracker

for the KLOE [396] detector and the BESIII upgrade
[397]. In the CDR of the STCF, an MPGD-based design
is the baseline choice for the inner track, while a silicon
pixel detector is considered to be an alternative design.
The sensitive lengths in each of the layers are determined
by the required angular acceptance, i.e., a polar angle
range of 20° to 160°.

34.3 uRWELL-based inner tracker

Detector design

pRWELL [398-400] is a single-amplification stage resistive
micropattern gaseous detector. It has been introduced as
a thin, simple and robust detector for very large area
applications requiring operation in harsh radiation envi-
ronments. Figure 3.14 shows the schematic structure of
the inner tracker system based on the yfRWELL detector,
consisting of 3 cylindrical detector layers with inner
radii of 60 mm, 110 mm and 160 mm, and full-length of
330 mm, 610 mm, and 880 mm. The radii are determined
based on the radiation tolerance of the yRWELL detector
and the MDC range according to the background simu-
lation in Section 3.2.3. The innermost wire layer of the
MDC (Section 3.5) has a radius of approximately 200
mm. The radii of the three layers of the yRWELL-based
inner tracker ensure uniform gaps between the inner
tracker hits and the first MDC hit. The 3 layers are
functionally and structurally independent of each other,
thus simplifying the manufacturing and maintenance
processes. As illustrated in Fig. 3.14(b), each detector
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Fig. 3.13

Geometry of the STCF detector: (a) 3D cutaway view, (b) cross-section view in the x—y plane, and (c) cross-

section view in the z—r plane. It consists of ITK, PID system, EMC, SCS and MUD from inner to outmost.

layer consists of 2 cylinders and 4 pairs of sealing rings.
The inner cylinder has a sandwich-like structure made of
polyimide film and supporting material, providing a
detector frame with sufficient mechanical strength. The
outer surface of the inner cylinder is the cylindrical
uRWELL foil, which acts as both an electron multiplier
and signal readout unit. The outer cylinder is coated
with a thin aluminum foil, acting as the drift cathode of
the uRWELL detector. Four pairs of sealing rings are
located at both ends of the cylindrical detector, sealing

the gap between the polyimide films and the yRWELL
foil. The space between the inner cylinder and the outer
cylinder is the gas volume. To ensure the gas tightness
of the detector, each seam of the gas volume is sealed
with epoxy resin.

A very low material budget is crucial for the measurement
of low-momentum charged particles. It is essential to
reduce the material contributions of the inner tracker. In
this baseline design, the mechanical strength of the
detector is mainly provided by the sandwich-like inner
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Fig. 3.14 (a) The schematic structure of the yRWELL-based inner tracker. (b) The structure of each layer of the

uRWELL detector.

Table 3.8 The material budget of the yRWELL-based inner tracker design.

Structure Material Thickness (cm) Material budget (Xo)

Inner cylinder Aluminum (X, = 8.897 cm) 0.001 0.011%
Polyimide (X, = 28.57 cm) 0.01 0.035%
Aramid honeycomb/Rohacell (X ~ 267 cm) 0.2 0.075%

Gas volume Argon-based gas mixture (Xo = 11760 cm) 0.5 0.00425%
Outer cylinder (W RWELL foil) Alumium (Xo = 8.897 cm) 0.0015 0.017%
Polyimide (X, = 28.57 cm) 0.03 0.106%

DLC (X, = 12.13 cm) 0.0001 0.00082%
Total 0.249%

cylinder, and the material budget in the detection area
can be limited to a very low level, as shown in Table
3.8.

Detector simulation and optimization

To obtain optimal detection performance from the
uRWELL-based inner tracker, it is crucial to determine
the working point and gas component. Based on a
simulation study with GARFIELD-9 [401] and
GEANT4 [402], the impact of these parameters on the
detector spatial resolution is investigated, and the detector
design is optimized.

The spatial resolution is dependent on various detector
parameters, such as the drift electric field strength,
working gas component and width of the gas volume.
The optimization of these parameters must take into

account the effect of the 1 T magnetic field in the z-
direction. To simplify the optimization, the full simulation
starts from an ideal gas component. Figure 3.15 shows
the GEANT4 simulated spatial resolution as a function
of various parameters being studied. The Lorentz angle
and the electron drift velocity have optimal values of
approximately 30° and 2 cm/us, respectively. Addition-
ally, a larger gas volume width and a smaller transverse
diffusion coefficient enhance the spatial resolution. The
optimal Lorentz angle, electron drift velocity and trans-
verse diffusion coefficient can be realized by choosing a
suitable gas component and electric field. However, a
larger gas volume width leads to a longer signal duration
time, decreasing the counting rate capabilities and
increasing the occupancy ratio of the detector. As a
compromise, the gap width is set to 5 mm.
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Fig. 3.15 The r—¢ spatial resolution as a function of various parameters based on the GEANT4 simulation.

It is feasible to realize the expected performance of the
gas mixture by adding an appropriate type and proportion
of doping gas to the noble gas. With the GARFIELD-9
simulation and the analysis of tens of different argon-
based gas mixtures, a suitable working gas component is
found, as shown in Fig. 3.16. The GARFIELD-9 simulation
shows that the gas mixture of Ar:CO,=85:15 gives a
Lorentz angle of 29.2 degrees, an electron drift velocity
of 2.34 cm/ps, and a transverse diffusion coefficient of
191 pm/\/cm, with a drift electric field strength of
500 V/cm. All the parameters are within the preferred
ranges, indicating that this gas mixture could be a suitable
working gas for the yRWELL-based inner tracker.

Detector performance

A previous study [403] on pRWELL indicates that,
with the p-time projection chamber (TPC) mode, the
spatial resolution of the detector is almost flat over a
wide range of incidence angles, as shown in Fig. 3.17(a).
In the ;~TPC mode, each ionization cluster is projected
into a 2-D spatial and 1-D time distribution inside the
conversion gap. With the drift time measurement of the
primary ionized electrons, the track segment in the gas
volume can be reconstructed, and a precise spatial reso-
lution can be obtained. In this mode, the pRWELL
detector can achieve a spatial resolution of approximately
100 pm. The spatial resolution of different types of
particles with the same transverse momentum of

100 MeV/c is determined by using GEANT4 simulation,
as shown in Fig. 3.17. The spatial resolution in the r—¢
and beamline directions can be limited below 100 pm
and 450 pm, respectively. Additionally, positively
charged particles have a better spatial resolution than
negatively charged particles due to the influence of the
magnetic field. Both charged particles and ionized electrons
are deflected during migration in the yRWELL gap
since the Lorenz angle is not 0 in the magnetic field. For
positively charged particles, the deflection directions of
primary particles and ionized electrons are opposite,
leading to a larger track projection range. For negative
particles, the deflection directions of primary particles
and ionized electrons are the same, resulting in a smaller
tracker projection range. In the p-TPC mode, a larger
track range is beneficial to the tracking performance.
Thus, positively charged particles have a better spatial
resolution than negatively charged particles.

To investigate the impact of the material budget on
the performance of the ITK, the expected momentum
resolution and position resolution with different material
budgets, ranging from 0.15%X, to 0.45%X, are
compared. A single hit position resolution of 100x400 pm
is assumed. The results are shown in Fig. 3.18 and are
obtained from GEANT4 simulation with a combined
tracking fitting of the MDC + ITK tracking system.
The incident particles () are assumed to have a polar
angle of cos 6 =0. In the low momentum range, the
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Fig. 3.17 (a) The spatial resolution o,4 as a function of the incidence angle with the yRWELL detector operated in the yu-
TPC mode. The spatial resolution in the (b) r—¢ and (c) beamline direction of various particles with the same transverse
momentum of 100 MeV/c and the ykRWELL detector operated in the u-TPC mode.

momentum resolution degrades with a higher material

budget.

Counting rate and layout of readout strips

From the background simulation study, the highest

background count rate in the inner tracker appears in
the first layer and is approximately 26.8 kHz/cm? (as
discussed in Section 3.2.3 at the peak luminosity). This
is well within the rate capability of the uRWELL detector
technology. For example, it has been demonstrated that
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momentum pr as a function of pr of the incident particle. The results with different material budgets, expressed in terms of

the radiation length, are compared.

a uRWELL detector with 400 um pitch strips has a rate
capability ranging from a few tens of kHz/cm? up to a
few MHz/cm? [400].

In the yRWELL-ITK conceptual design, two-dimen-
sional readout strips (X and V) are used with a crossing
angle of 15°, as shown in Fig. 3.19. The X readout strip
is along the beamline direction. Both the X and V strips
have a pitch of 400 pym in all 3 layers of the yRWELL
film and cover a polar angle acceptance of 20° < 6 < 160°.
Considering that the radii of the 3 yRWELL layers are
60 mm, 110 mm and 160 mm, the numbers of readout
channels are 1919, 3517, and 5116, respectively, with
10552 in total. With this readout strips layout, each hit
generates 10 signals in the X strips and 10 signals in the
V strips on average, resulting in a highest count rate per
channel as 367 kHz. This background level corresponds
to an occupancy of 11.2%, 5.4%, and 5.32% with a time
window of 400 ns for the three layers of inner tracker,
respectively. Obviously, it is necessary to optimize the
detector design, particularly the layout of readout strips
to reduce the occupancy to a acceptable level. Splitting
the X and V strips at Z = 0 into two parts would be one

of the effective ways to decrease the occupancy. The
average number of hits produced by the passage of a
charged particle on the detector can be reduced by opti-
mizing the gas gap width and the working gas. This
would be another way to reduced the occupancy.

Readout electronics

The structure of the readout electronics of the
uRWELL-based ITK detector is illustrated in Fig. 3.20.
The front—end electronics are linked to detectors
through high-density connectors, and a protection
circuit is added at the input to protect the readout elec-
tronics from unexpected high-voltage discharge of the
detector. Due to the small amplitude of the signal from
the detector, the front—end readout -electronics are
placed close to the detector, and a high-density design is
required for the front—end electronics. The front—end
electronics are set near the endcaps of the inner tracker.
The connector for pRWELL-based ITK is Hirose
connector FH26W-71S-0.3SHW (60). It has a width of 23
mm and 0.3 mm channel pitch. The X and V strips of
uRWELL are designed on two films, so that their readout
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Fig. 3.19 The X/V readout strips of the ykRWELL detec-
tor.

electronics can be arranged in two complete circles. In
this case, all the readout channels can arranged well by
the FPCB not explained connector. Additionally, high-
precision signal measurements are required. For the
reasons above, it is planned to design an application-
specific integrated circuit (ASIC) chip that integrates
front—end analog circuits, analog-to-digital conversion
(ADC), and a charge & time calculation circuit within
the chip. In addition, the calibration circuit is added to
correct the mismatch among channels.

The output data of the front—end ASICs are transferred
to a digital ASIC or field-programmable gate array
(FPGA) for data packaging and finally transferred to
the DAQ through high-speed serial data interfaces. Since
the ITK readout electronics need to be synchronized
with the global clock, the FPGA is also responsible for
fanning out the clock to each front—end ASIC.

ITK electronics do not take part in generating the
global trigger signal and only receive the trigger signal
for trigger matching. The data from the front—end
ASICs are first stored in RAMs, and when the FPGA
receives the global trigger signal, it picks out the valid
data through trigger match logic and transfers the data
to the DAQ.

The hardware system is composed of front—end elec-
tronics (FEE), readout units (RUs), and clock, trigger

r

submodules. Multiple front—end ASICs, which complete
analog signal processing, A/D conversion, and charge &
time calculation, are integrated into one FEE module.
The output data of these ASICs are transferred to the
RUs through a high-speed serial data interface.

Both the charge/amplitude and time information of
the hits are necessary for track reconstruction. The
recorded data of each hit signal in one channel represent
a 96-bit word, including 8 bits for the header, 16 bits for
the trigger number, 34 bits for the timing information, 6
bits for the amplitude, 16 bits for the FEE number, 8
bits for the check and 8 bits for the tail. As a conse-
quence, the total data stream sizes are approximately
6.89 GB/s for all 3 layers.

front—end ASIC

The high channel density of the pRWELL-ITK
requires customized ASICs for its front—end electronics
that integrate functions of analog signal processing,
ADC and charge & time calculation. As shown in Fig.
3.21, each channel comprises a charge sensitive amplifier
(CSA) for low noise amplification, a semi-Gaussian
shaper network, a discriminator for generating a self-
trigger signal, a switched capacitor array (SCA) for
waveform sampling, a Wilkinson ADC for digitization, a
digital circuit for charge & time calculation, and a high-
speed data transfer interface.

Due to the high event rate, full waveform data transfer
would place high pressure on the data transfer interface
and corresponding power consumption. Therefore, it is
preferable to integrate the charge & time calculation
circuit into the chip.

To further enhance the signal-to-noise ratio (SNR)
and to improve the accuracy of charge and time
measurements, a digital deconvolution and filtering
circuit is also integrated into the ASIC. The exponential
signal is first unfolded into the unit impulse, and then
the trapezoidal output pulse is processed by the moving
average method (corresponding to the low-pass filter in
Fig. 3.22) to filter out the high-frequency noise. The
specific parameters of the deconvolution and moving
average circuit need to be optimized according to the
shaping time and knee frequency of the signal to achieve
the best filtering result.
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Fig. 3.20 Block diagram of the readout electronics for the yRWELL-based ITK detector.
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R&D on cylindrical uRWELL

Several kinds of structure supporting materials have
been tested, of which aramid honeycomb [404] and
Rohacell foam [405] showed good performance in terms
of both material budget and mechanical strength. Addi-
tionally, two bonding methods have been developed for
the aramid honeycomb and Rohacell foam. A solid sand-
wich structure with a very low material budget of adhesive
is feasible. Figure 3.23 shows a sandwich-like inner cylinder
made of the two kinds of material, and Table 3.9
presents the performance of these cylinder. The mechanical
strength of 2 mm aramid honeycomb is sufficient, while
that of 1 mm Rohacell foam is lower. Thus, in the next
step, thinner aramid honeycomb and thicker Rohacell
foam will be manufactured and tested. Additionally, the
study of a new X/V strip readout is still ongoing.

3.4.4 MAPS-based inner tracker

The MAPS-based ITK is composed of three layers of
silicon pixel detectors (PXDs) and is located inside the
MDC (see Section 3.5) at radii of 36 mm, 98 mm and
160 mm. The radii of the two inner layers are smaller
than those of the design of the yRWELL-based ITK to
take into account the higher rate-capabilities of PXDs
and to achieve better ITK spatial resolution. A pixel size
of 100 um x 250 um is sufficient to meet the spatial resolution
requirement of the STCF ITK. To reduce the multiscat-
tering effect for charged particles with low momentum,
especially for p < 200 MeV/¢, it is crucial to reduce the
material budget as much as possible. For the baseline
design of the STCF PXDs, a radiation length of 0.25%

X, per layer is assumed, including the material budget
from the sensor, readout electronics and supporting
material.

The monolithic active pixel sensor (MAPS) technology
has the potential to satisfy the low-material and high-
rate requirements for the STCF inner tracker. This tech-
nology has an attractive advantage of having both the
sensor and readout electronics in the same pixel, thus
reducing the material budget, and it has been developing
rapidly in the particle physics community. The first-
generation MAPS-based vertex detector for the STAR
upgrade successfully completed a 3-year physics run [406,
407], The new generation complementary metal-oxide-
semiconductor (CMOS) pixel sensor (CPS) for the
ALICE-ITS upgrade [408, 409] is in mass production.
The CMOS MAPS sensor is chosen as the pixel sensor
technology for the silicon-based ITK. The ITK is called
MAPS-based ITK in this case.

The high luminosity of the STCF places additional
stringent requirements on the design of the ITK detector,
and the challenges include the high hit rate and pileup
effects. From Table 3.6, the highest expected hit rate is
approximately 1.04 x 106 Hz/cm? at the innermost layer
of the MAPS-based (uRWELL-based) ITK. The state of
the art MAPS technology can easily handle such a hit
rate. For example, The STAR ULTIMATE MAPS can
cope with a hit rate of approximately 1 MHz-cm 2-s!
[406], and the ALICE-ITS ALPIDE sensor can operate
with a hit rate of 3 MHz/cm? [408].

Expected tracking performance

Figure 3.24 shows the expected performance of the
momentum resolution and position resolution of the
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Fig. 3.23 The Rohacell foam-based inner cylinder (left) and aramid honeycomb-based detector model (right) produced in

the preresearch stage.

Table 3.9 The material budgets of the inner cylinders manufactured in the preresearch stage.

Inner PI film Inner adhesive Structure support material Outer adhesive Outer PI film Total
Honeycomb-based 0.028% 0.009% 0.033% 0.009% 0.030% 0.105%
Rohacell-based 0.028% 0.009% 0.010% 0.008% 0.029% 0.084%

tracking system, comparing the two configurations MDC
only and MDC + PXD with different settings for the
radius of the PXD layers. A single hit position resolution
of 30 um x 75 um is assumed for the PXD. The results
are obtained from simulation with combined track
fitting of the MDC + PXD tracking system, and incident
particles are assumed to have a polar angle of cosf = 0.
With MDC 4 PXD, the momentum resolution is
improved by a factor of approximately 1.5 at 1.8 GeV/c
compared with MDC tracking only.

As expected, while the impact parameter resolution
can be improved when the innermost layer is closer to
the beam pipe, the resolution of the momentum and
transverse momentum has little dependence on the
radius of the innermost layer.

To investigate the impact of the material budget on
the performance of the ITK, the expected momentum
resolution and position resolution with different material
budgets, ranging from 0.25% X, to 1.0% X, are compared.
The results from the GEANT4 simulation are shown in
Fig. 3.25. In the low momentum range, a degradation of
the momentum resolution with a higher material budget
is seen. Further investigation is needed to understand
the impact of the material budget on the track finding
and reconstruction efficiency, which have a significant
impact on the physics potential in the low momentum
range at the STCF.

CMOS MAPS for the inner tracker

A good starting point for the STCF ITK is the
ALPIDE design, which was developed for the aforemen-
tioned ALICE-ITS upgrade. The ALICE-ITS has
achieved a material budget of approximately 0.3%X,
with a sensor thickness of 50 um. CMOS pixel sensors,
for instance, JadePix [410], are also being proposed as
the vertex detector for the conceptual design of the
Circular Electron Positron Collider (CEPC) [411]. Jade-

Pix-1 features a small pixel size (16 x 16 um?), with the
main goal being achieving low power consumption and
material budget. For the STCF, the pixel size requirement
can be relaxed, and the main challenges are the low
power consumption and fast readout necessary to cope
with the high event rate (see Section 3.12). In contrast
to an ordinary MAPS, which collects ionization charge
mainly by diffusion, high-voltage (HV)/high-resistivity
(HR)-CMOS designs collect ionization charge mainly via
drift, as the sensor can be fully depleted. The fast collection
of signal charges and the low noise HV/HR-CMOSs also
allow them to be more radiation tolerant. HV-MAPSs
have been prototyped for several experiments, such
Mu3e [412], ATLAS [413] and CLIC [414]. Another
promising option for the STCF ITK is the MuPix sensor
[415] to be used for the Mu3e experiment, which was
designed to detect extremely low-momentum tracks
(<50 MeV/c) with very high tracking efficiency and
momentum resolution.

Readout circuitry

The STCF CMOS pixel sensor is expected to be a
2x2cm? chip that contains 1.6 x 10* pixels of
100 x 250 pm? size. The readout circuitry provides time
stamping and charge measurement based on the time-
over-threshold (TOT). The structure of the readout
circuitry is shown in Fig. 3.26.

The readout circuitry mainly consists of an in-pixel
part and a periphery part. There is a low-power charge-
sensitive amplifier (CSA) and a voltage comparator in
each pixel. The CSA integrates the charge collected from
the sensor and outputs a voltage signal to the following
comparator, and the voltage threshold of the comparator
can be tuned by a local DAC. All the pulse signals from
the comparators are driven to the periphery, and the
arrival time of each pulse is recorded as a timestamp.
Meanwhile, the pulse width is measured based on the
TOT method. The time stamps and TOT messages are
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Fig. 3.24 The simulated resolution of the impact parameters (a) do and (b) zo and (c) the momentum p and (d) transverse
momentum pr as a function of pr of the incident particle. The results with different layout configurations, the default with
radii of 36 mm, 98 mm and 160 mm and alternative radii of 60 mm, 110 mm and 160 mm, are compared.

read out through the readout control block to an 8/10-
bit encoder and, finally, to a serializer with an output
datarate of several Gbits/s. Additionally, the configuration
block, voltage-controlled oscillator (VCO), and phase-
locked loop (PLL) are integrated in the periphery.

3.4.5  Pileup and radiation effects

Pileup effects

The STCF detector is expected to operate at an event
rate as high as 400 kHz (Section 3.12). With such a high
event rate, the probability of events overlapping is
approximately 8 (18)% within a time window of 200
(500) ns. This indicates that fast response or good
timing performance is required for detectors to cope
with such a high event rate. Recent studies [416, 417]
have shown that depleted MAPS (DMPAS) with
improved sensor designs and processes could provide a
timing resolution of about 2 ns or better. Such excellent
timing capability would be very helpful in solving the
overlapping events by providing each charged track with
precise time measurement.

Radiation effects

As the innermost subdetector of the STCF detector,
the ITK receives the highest level of background radia-

tion. Radiation hardness is a crucial factor in the design
of the ITK. A detailed background radiation simulation
is described in Section 3.2.3, and the expected radiation
levels in individual subdetectors are given in Tables 3.5
and 3.6. However, note that the radiation simulation in
Section 3.2.3 is subject to large uncertainties since many
technical details for the designs of the accelerator and
the machine detector interface are not available yet at
the conceptual design stage. In addition, beam background
usually cannot be simulated precisely given too many
factors in the simulation that cannot be well determined.
For example, significant discrepancies between simulation
and actual measurement of beam background have been
observed in the Belle II experiment [418]. Therefore,
sufficient safety margins have to be taken into account
when assessing beam background levels.

From Table 3.6, the TID and NIEL of the uRWELL-
based ITK are 120 Gy/y and 1.1 x 10" n'cm 2y ?
(1 MeV neutron equivalent), respectively. Those of the
MAPS-based ITK are 3.5 kGy/y and an NIEL of
1.8 x 101! n-cm 2-y !, respectively. These levels of radiation
are well below the limits of the state of the art MPGD
and MAPS detectors. For example, The ALPIDE pixel
sensor for the ALICE-ITS has been demonstrated to
have a radiation hardness of up to 10" n/cm? (NIEL)
and 27 kGy [419].

M. Achasov, et al., Front. Phys. 19(1), 14701 (2024)

14701-63



Fe > FRONTIERS OF PHYSICS

a =
(a) 0 cosf=0.0
os STCF CDR
0.7 1 0.25% X,
0.61 . 0.5% X,
Eo0s5q | 0.75% X,
s 04 1 1% X,
s o] |
03 \
02 N
0.1 S e e
0 —
0 02 04 06 08 1 12 14 16 18
pr[GeV]
C =
(¢) 10 cosf=0.0
STCF CDR
0.9 1 0.25% X, ]
0.5% X,
0.8 1 0.75% X,
- 1% X,
R 0.71 . Only MDC
= i =
S061 ! =
1 >
0.5 N - : e
) > il
0.4 1 13;%4‘;:' =
03 I S SN S G S —
0 02 04 06 08 1 12 14 16 18

pr[GeV]

REPORT
b =
(b) 0.9 cosf=0.0
" STCF CDR
0.7 1 0.25% X,
061 . . 05% X,
T 0514 0.75% X,
Z0aq | 1%%,
© 5
031 A\
.
0.2 4 NNy
R e
0.1 1 S
0 T T T T T T T T T
0 02 04 06 08 1 12 14 16 18
pr[GeV]
d =
(d) 10 cosd=0.0
STCF CDR
0.9 4 I
0.25% X,
0.8 0.5% X,
= 0.75% X,
c\T 07 A " . 1%)(0 0
\Q; 061 - Only MDC 1 L
3) \ 4 i
0.5 1 b\ > =5
S1% e
0.4 1 :\*\ :,,<¢//'
03 : T - - - . - - -
0 02 04 06 08 1 12 14 16 18

pr[GeV]
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momentum pr as a function of pr of the incident particle. The results with different material budgets, expressed in terms of

the radiation length, are compared.
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Fig. 3.26 Block diagram of the pixel sensor readout circuit.

For the yRWELL-based ITK, potential degradation of
performance due to aging effects, such as a specific gas
gain reduction or high voltage instabilities during operation
caused by irradiation, should be considered. In general,
aging is induced by plasma-chemical processes during
gas amplification processes. A complete overview and
description of the aging phenomena in gaseous detectors
can be found in Ref. [420]. A dedicated aging study is
planned for the yRWELL-based ITK. During the long-
term operation of the STCF, it can be replaced if it
malfunctions due to radiation damage.

3.4.6  Conclusion and outlook

The cylindrical pRWELL-based detector, with the
advantages of low material budget, robustness, scalabil-
ity, and simplified manufacturing and maintenance
processes, is the baseline design of the STCF inner
tracker and is expected to provide promising perfor-
mance. Additional studies are needed in the future to
realize the baseline design and to further optimize the
detector performance, including material budget limita-
tion, optimization of the cylindrical ykRWELL detector
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Table 3.10 The main parameters of the STCF MDC conceptual design.

Superlayer Radius (mm) Num. of layers Stereo angle (mrad) Num. of cells Cell size (mm)
A 200.0 6 0 128 9.8 to 12.5
U 271.6 6 39.3 to 47.6 160 10.7 to 12.9
\% 342.2 6 —41.2 to —48.4 192 11.2 to 13.2
A 419.2 6 0 224 11.7 to 13.5
U 499.8 6 50.0 to 56.4 256 12.3 to 13.8
\% 578.1 6 -51.3 to —57.2 288 12.6 to 14.0
A 662.0 6 0 320 13.0 to 14.3
A 744.0 6 0 352 13.3 to 14.5
Total 200 to 827.3 48 11520

structure, manufacturing of the detector prototype and
performance testing. As an alternative design choice,
CMOS silicon pixel detectors are being considered. They
are expected to provide better vertex resolution and
greater radiation hardness. It will be crucial to continue
the pixel sensor R&D program and to develop CMOS
pixel sensors with radiation tolerance, lower power
consumption and fast readout electronics. The expected
performance of the different ITK designs are discussed
in Section 3.5, taking into account both the inner
tracker and outer tracker.

3.5  Main drift chamber (MDC)

3.5.1  Introduction

The MDC is the main part of the tracking system of the
STCF detector, providing important functions including
the following:

e Reconstructing charged tracks together with the
ITK.

o Measuring the momentum (p)/transverse momentum
(pr) of charged particles (with a resolution of o,, /pr <
0.5% @ 1 GeV/c).

e Measuring the energy loss of charged particles in
each cell (dE/dz) and providing the dE/dz information
(with dE/dz resolution ~6%) to facilitate particle identi-
fication, especially for low-momentum charged particles.

e Providing critical input to the trigger decision of
the STCF detector system.

With the advantages of robustness, low cost and low
material budget, drift chambers have been used as the
main tracking system in many particle physics experi-
ments, for example, BESIII [421], Belle II [422] and
GlueX [423]. The inner radius of the MDC is determined
to be 200 mm, a compromise between the count rate
capabilities and tracking performance, and the outer
radius is 850 mm.

3.5.2  Conceptual design of the MDC

Figure 3.27 shows the main geometric parameters of the
MDC. The STCF MDC adopts a square cell and a

superlayer wire configuration similar to those used at
BESIII and Belle II. There are six layers of drift cells in
each superlayer. Each wire layer contains a field wire
layer (with all field wires) and a sense wire layer (with
alternating sense and field wires). The sense wire is 20
pm-diameter and 0.5 pm-thick gold-coated tungsten wire,
and the field wire is 100 pm-diameter and 0.5 pm-thick
gold-coated aluminum wire. The cell size increases grad-
ually from the innermost layer to the outermost layer,
approximately 9.8 x 9.8 mm? to 12.5 x 12.5 mm? in the
first superlayer and 13.3 x 13.3 mm? to 14.5 x 14.5 mm? in
the outermost superlayer, as shown in Table 3.10. The
innermost and outermost superlayers contain axial (“A”)
layers to match the shape of the inner and outer cylin-
ders. The intervening superlayers alternate between
stereo (“U” or “V”) and axial layers. The stereo angles
are listed in Table 3.10. In total, there are 8 superlayers
(AUVAUVAA) and 48 layers. The working gas is He/
C3Hg (60/40), together with the use of other low-mass
materials, to minimize the effect of multiple scattering.
The main parameters of the MDC are summarized in
Table 3.10. Figure 3.28 shows a schematic of the MDC
wire structure.

On each side of the MDC, there is a 15 mm-thick
aluminum endcap flange. All the sense wires and field
wires are fixed between the two flanges and fastened.
The inner and outer surfaces of the MDC are made of
cylindrical carbon fiber composite material, with thick-
nesses of 1 mm and 10 mm, respectively. The drift
chambers in BESIIT and Belle II demonstrated that this
type of material has enough mechanical strength and a
low material budget, which meets the requirements of
the STCF MDC design.

3.5.3  MDC simulation and optimization

An extensive simulation and optimization study is
performed for the conceptual design of the MDC, including
the wire material and diameter, cell structure and layout,
and working gas choice. The detector simulation is
based on GEANT4 with 7 incident particles, and track
fitting is then applied to evaluate the MDC perfor-
mance.
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Fig. 3.27 The schematic structure of the MDC.

Drift wires

Aluminum wire and tungsten wire are widely used in
the manufacturing of MWDCs due to their low material
budget and high robustness, respectively. It is demon-
strated that adding a coating of gold or silver on the
surface can mitigate aging effects and enhance the
conductivity of wires. Thus, gold-coated aluminum wires
are used as sense wires, and gold/silver-coated tungsten
wires are chosen as field wires, with a coating thickness
of 0.5 pm.

The wire diameter can influence the performance of
the MDC. A thicker wire has better robustness but with
the disadvantages of a larger material budget and a
higher required working voltage. In BESIII, the sense
wire diameter is 25 pum and the field wire diameter is
110 pm with a working gas of He/C3Hg (60/40). The
drift chamber used in MEG-II [424] indicates that the
diameter of the field wire can be decreased to 50 pm
with a gas mixture He/iC4H;o (90/10), resulting in a
lower material budget and better momentum resolution.
A 20 pm sense wire diameter was proposed for a drift
chamber for a future ete~ collider experiment [425]. A
compromise needs to be made between the low material
budget and robustness. Figure 3.29 shows the dependence
of the transverse momentum resolution on the wire
diameter from the simulation. The simulation is
performed with the combined inner tracker (Section 3.4)
and MDC tracking system. Different configurations of
the sense wire diameter (20 pm and 25 pm) and field
wire diameter (100 pm and 110 pm) are investigated. It
can be seen that a thinner wire setting benefits the
tracker system. It is decided to use a diameter of 20 um
for the sense wires and 100 um for the field wires.

Drift cells

Square cells have been used for many small-cell drift
chambers in particle physics experiments. The cell
aspect ratio, i.e., ratio of cell width to height is around 1

Fig. 3.28 (a) Cross-section view of the layout of wire
layers and superlayers. (b) Enlarged cross-section view of the
wire layout. Open circles represent field wires, and dots
represent sense wires. The square-shaped drift cell structure
can be seen, with a sense wire in the center and field wires
forming a square.

in this case. The electric field inside a square drift cell is
more symmetric and homogeneous than that in those
cells with an aspect ratio other than 1, and square cells
in the same layer can be easily arranged at the same
radius. The square shape is adopted for drift cells in the
MDC baseline design.

The cell aspect ratio affects the MDC drift time distri-
bution directly. Figure 3.30 compares the drift time
simulated for two different cell aspect ratios. In the
simulation, the incident particle passed a drift cell at 45
degree polar angle and a distance of half of the cell
width from the sense wire. The drift time for the cell
aspect ratio of 1 has sizably smaller spread compared to
that for a cell aspect ratio of 1.1, suggesting a better
spatial resolution.

Layer arrangement

In the design of the layer layout, the primary parameter
is the number of layers. At the STCF, the inner radius
of the MDC is approximately 200 mm, and the outer
radius is approximately 850 mm, which allows 40 to 52
layers of cells to achieve the required spatial resolution
and momentum resolution with an acceptable detector
complexity. Figure 3.31 illustrates the transverse
momentum resolution with various layer layouts at
different incident polar angles, indicating that the range
of 40 to 52 layers in the MDC exhibits tiny differences.
Considering the radial/azimuthal cell width ratio of 1, a
larger layer number results in a smaller cell size, which
is beneficial, with higher count rate tolerance and
decreased drift time. A greater number of layers could
also improve the dE/dr performance, with a larger
number of hits. However, the cost will also be higher,
and the increase in the material budget would degrade
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Fig. 3.29 The simulated resolution of the transverse momentum of the MDC-only tracking system with different wire
diameter settings, with polar angles of (a) cos§ = 0 and (b) cosf = 0.5.
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Fig. 3.30 The simulated drift time for particles entering the drift cell at a distance of half cell width from the sense wire
and at a polar angle of 45 degree, with the cell aspect ratio of 1 (left) and 1.1 (right), respectively.

the momentum resolution of charged particles, especially
for low-momentum tracks. As a compromise, it is
decided to use 48 layers.

Working gas choices

The choice of working gas is essential for the performance
of the MDC, affecting the time resolution, maximum
count rate and other detector performance aspects. The
ideal working gas of the MDC should have a low material
budget, fast drift velocity of ionized electrons and strong
primary ionization for penetrating charged particles.
Mixtures of He/CyHg (50/50) and He/CsHg (60/40) were
used in the drift chambers of BESIII and Belle II,
respectively. To find the optimal working gas choice, the
characteristic parameters of different gas mixtures are
calculated and compared, as summarized in Table 3.11.
It can be seen that the argon-based gas mixture has a
small radiation length and large primary ionization

power due to the high density, which leads to a larger
material budget. The helium-based working gas has
more balanced parameters, while the components of the
gas mixture have a significant influence on the perfor-
mance. Figure 3.32 illustrates the simulated transverse
momentum resolution with different choices of working
gas. The simulation is performed with the combined
inner tracker-MDC tracking system at a polar angle of
cosf = 0.5. The result indicates that with He/CyHg (50/
50), the MDC has slightly better momentum resolution.
However, He/C3Hg (60/40) has a significantly better
particle stopping ability, resulting in a higher signal
amplitude and better SNR. Additionally, other simulations
demonstrate that the MDC with He/C3Hg (60/40) has a
better position resolution and dF/dz resolution than that
with He/CyHg (50/50). As a compromise, the He/C3Hg
(60/40) gas mixture is chosen as the working gas for the
conceptual design of the STCF MDC.
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Fig. 3.31 The simulated transverse momentum resolution with different numbers of layer, with polar angles of cosf§ = 0

(left) and cos§ = 0.5 (right).

Table 3.11 The main parameters of several kinds of gas mixtures, pressure = 1 atm, temperature = 20 Celsius, magnetic

field strength = 1 T.

Gas Mixture

Ar/CO,/CH, (89/10/1) He/CH, (60/40) He/C,Hg (50/50) He/CsHg (60/40) He/iC4Hyo (80/20)

Drift velocity of an electron 5.0 3.7 4.0 3.8 3.4
va (cm/ps)
Transverse diffusion coefficient 233 191 170 154 159
oL (um/cm%) @ E=760 V/cm
Lorentz angle 41 28 29 24 21
01, (degree) @ E=760 V/cm
Primary ionizing power (i.p./cm) 30 10 23 30 21
Radiation length (m) 124 808 640 550 807
3.5.4  Expected performance 1.4 1 ‘c.osH:‘O.S. SN .
STCF CDR
Momentum and spatial resolution is] + MDC (48 layers, He/C,H, 60/40)
The expected performance of the combined tracking
system, with the 3-layer ITK and the 48-layer MDC, is 1] * MDC (48 layers, He/C,H, 50/50)
evaluated, especially the momentum resolution at different =
polar angles. The expected tracking performance results §.~ 08
are obtained using a GEANT4 simulation, without *
considering the background contribution, detector signal i |
readout digitization or track reconstruction, and track ’
fitting is then performed. Figure 3.33 shows the simulated
results on the resolution of impact parameters and U
momentum resolution. A minimum o,/p can reach 0 02 04 06 08 1 12 14 16 18
approximately 0.35% for « particles at p=0.2 GeV/c p,[GeV]

with a polar angle of cosf = 0.

As described in Section 3.4, the baseline design of the
STCF ITK is a cylindrical yuRWELL-based detector, and
an alternative design using CMOS pixel sensors is also
considered. To evaluate the performance of different
designs, the entire tracking system, with the MDC and
the ITK combined, should be considered in the
GEANT4 simulation and track fitting. Single hit position
resolutions of 100 x 400 pm and 30 x 75 pm are assumed
for the yRWELL detector and PXD, respectively. A
material budget of 0.25%X, is assumed for both ITK
designs. Figure 3.34 shows the comparison of the

Fig. 3.32 The simulated resolution of the transverse
momentum of the MDC with different working gases, with
the polar angle of cosf = 0.5.

expected performance of the two different tracking
system designs. As expected, for the spatial resolution,
the PXD ITK gives much better performance than the
uRWELL-based ITK, while for the momentum resolu-
tion, the two different ITK designs give similar detector
performance in the low momentum range since the
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Fig. 3.33 The simulated resolution of the impact parameters (a) do and (b) 2z and (¢) momentum p and (d) transverse
momentum pr as a function of pr. The results with different polar angles of incident particles, with cosf§ = 0, 0.2 and 0.8, are

compared.

material budget is the limiting factor. The results also
indicate that the inclusion of the inner tracker improves
the momentum resolution at pr > 0.3 GeV/c. When the
momentum of the incident particle is below 0.2 GeV/c
and the polar angle is close to the zenith direction, the
inner tracker exerts a negative influence due to the
impact of the additional material budget. In general, the
addition of the inner tracker can benefit the momentum
resolution of the tracker system.

dE/dzx resolution and PID performance

The dF/dz measurement provided by the MDC can be
used for particle identification, especially for low
momentum charged particles. To explore the PID potential
of the MDC, the dE/dr measurement of the MDC is
simulated for various types of particles. In the simula-
tion, the GEANT4 PAI model is used to model the
primary ionization process of high-energy charged particles
with the gas medium in the MDC. The HEED module of
the GARFIELD++ package [426] is then invoked to
produce the secondary ionization caused by the very
energetic electrons produced in the primary ionization
process. All ionization electrons are fed into the
GARFIELD++ for simulation of the electron avalanche
multiplication process. Given the computationally inten-
sive nature of this simulation, a fast approach is adopted
here instead of simulating electron avalanche multiplica-

tion using GARFIELD++ for every ionization electron.
In this approach, the distribution of the total charge
induced on a sense wire due to the avalanche multiplication
process of a single electron was first obtained by
performing the full GARFIELD++ simulation for many
single electrons. The charge of the induced signal due to
each of the ionization electrons is then generated by
sampling this distribution. The simulated dFE/dz
measurement by a drift cell is finally taken as the sum
of the induced charge on the sense wire for all ionization
electrons produced in the cell and normalized by the
track length in the cell. The fluctuations of the
avalanche multiplication process are fully included in the
simulation by this approach.

Figure 3.35(a) shows the dE/dz distribution within a
single MDC cell by = particles at p = 0.5 GeV/c. A trun-
cated-average method [427] is used in dE/dx estimation
to reduce the impact of the Landau tail of the ionization
energy loss on the dE/dx estimation, hence improving
the dE/dz resolution. In this method, 25% of the cell
hits with the highest energy deposition are removed, and
only the remaining 75% are used to calculate the average
dE/dx of the track. The simulation results indicate that
the truncated average method can effectively improve
the dE/dz resolution. The simulated dE/dx resolution is
approximately 5.89% and smaller than the requirement
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Fig. 3.34 The simulated resolution of the impact parameters (a) do and (b) 2o and (c¢) momentum p and (d) transverse
momentum pr as a function of the pr of an incident particle with a polar angle of cos§ = 0. The results with different ITK
designs are compared. For the comparison of the z, resolution, the results for the MDC-only option are not shown since the
design of the MDC alone cannot provide precise zp measurements.

of 6%, as shown in Fig. 3.35.

The truncated mean of dE/dx is simulated as a function
of the momentum for different particle species, as shown
in Fig. 3.36(a), while the dE/dz PID separation power is
also extracted from the simulation, as shown in
Fig. 3.36(b). The dE/dx PID separation power for two
particles A and B is defined as follows:

_dE/drs —dE/dzp

OdE /dz(AB)

San (3.2)

where dE/dz,(dE/dzp) is the dE/dz for particle A(B)
and o4p/4,(ap) 15 the average resolution (defined as the
RMS of the dE/dz distribution for a given type of parti-
cle) of the two particles. Figure 3.37 presents that the
dE/dz resolution of most of the particles is below 6%,
except for MIP particles. Figure 3.36 shows the simulated
PID performance of the MDC, with five scenarios of
hypothesized signals and background particles. It can be
seen that in the low momentum region, the MDC can
achieve good particle separation power. For example, for

K/ (p/7), the MDC PID separation power is over 3o
up to 700 MeV/c (1300 MeV/c).

3.5.5  Pileup and radiation effects

Given that the STCF detector operates with very high
luminosity, additional challenges in the design of the
MDC detector must be taken into account, such as
pileup and radiation effects.

Pileup effects

From Table 3.6, the expected hit rate of the MDC is
approximately 4 x 10° Hz/channel for the innermost
layer. This is an extremely high hit rate for the MDC
given the maximum drift time in its drift cell being
about 250 ns and the induced signal spreading over 500
ns (as shown in Fig. 3.38). There is a high probability of
signals overlapping in one channel. This poses big chal-
lenges to readout electronics. The MDC counting rate
may have to be reduced by modifying the MDC design
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performance of the MDC (b).

depending on further studies.

The STCF detector is expected to operate at an event
rate up to 400 kHz (Section 3.12). At such a high event
rate, the probability of events piling up is approximately
8 (18)% within a time window of 200 (500) ns. This
poses a severe problem for the MDC which could have
drift time spread over a few hundred ns (as shown in
Fig. 3.30). Such a time spread implies a rather large
integration time window for the MDC and hence a
significantly high probability of tracks from different
events overlapping in the MDC. One way to resolve the
overlapping tracks is to exploit the timing capability of
the STCF detector. In the current STCF detector design,
both the CMOS-ITK and EMC have timing capability
at different levels of precision, with the former being
able to reach a few ns time resolution for charged partic-
les [416] [417] and the latter a level of a few hundred ps
for energy deposits of 100 MeV (see discussions in
Section 3.8.3). The time measurements by the two subde-
tectors can be associated to each track recorded by the
MDC by spatial matching of hits between the MDC and
either the MAPS-ITK or EMC or both depending on
availability of time measurements on the two subdetec-

tors. The MDC tracks can then be assigned to different
events according to their associated time measurements.
As a result, the overlapping events recorded by the
MDC are resolved. Further studies are needed to investi-
gate the event overlapping or pileup problem with the
MDC.

Radiation effects

The detailed background radiation simulation is
described in Section 3.2.3, and the expected radiation
levels in each subdetector are given in Tables 3.5 and
3.6. From Table 3.6, the MDC needs to withstand a
TID of approximately 60 Gy/y and a NIEL of 4.9 x 10'°
n-em 2-y ! (1 MeV neutron equivalent). Also, the highest
accumulated charge can be calculated as approximately
242 mC-em '-y! in the innermost layer. Therefore,
aging effects in wire chambers, a permanent degradation
of the operating characteristics under sustained irradia-
tion, must be considered. The classical aging effects are
the results of chemical reactions occurring in avalanche
plasma near anodes in wire chambers, leading to the
formation of deposits on electrode surfaces [420]. For the
MDC, the aging effect includes those from both anode
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aging and cathode aging, expected a further study in the
future.

3.5.6 Readout electronics

In the conceptual design, the MDC contains 11520 cells,
each with a sense wire in the center. The total number
of MDC readout electronic channels is 11520 as well.
The readout electronics system is arranged in the
endcap that is made of a 15 mm-thick aluminum plate
for mechanical support. The background simulation
(Section 3.2.3) indicates that the first (innermost) layer
of the MDC is subjected to the highest background
count rate, approximately 200 to 400 kHz, leading to
severe interference in the measurement of charged tracks
from signal events. The GARFIELD [428] simulation
demonstrates that the signal in each cell lasts for 200 to
500 ns due to the electrons distributed by the uncertainty
of the distance from the particle track to the wire. As a
consequence, the readout electronics must have a fast
shaping time, and sufficient background shielding in the
MDC endcap is necessary.

High precision time (approximately 0.5 ns RMS) and
charge measurement are required for the MDC readout
electronics, with an input signal amplitude up to 1.8 pC.
The MDC readout electronics are composed of FEE
modules and RUs, with the schematic structure shown
in Fig. 3.39.

The FEE are responsible for analog signal manipula-
tion, A/D conversion, and time & charge measurement.
The circuit structure of the FEE is shown in Fig. 3.40.
The signals from the MDC detector are first amplified
by fast trans-impedance amplifiers (TTAs) to ensure a
fast response for time measurement and to provide
charge measurement. The output signal from the TIA is

threshold of the discriminator is set to a low value. To
achieve a high time precision, an amplifier located before
the discriminator is used to enhance the signal slew rate.
To filter out the situations when the noise crosses this
low threshold, another high-threshold discriminator is
used (after shaping), as shown in Fig. 3.40. Then, the
time-to-digital converter (TDC) is used to digitize the
time of the leading edge of the low-threshold discrimina-
tor. The charge measurement circuitry uses a shaping
circuit to enhance the SNR, the output waveforms of
which are digitized and sent to an FPGA chip for charge
calculation. As mentioned above, the output signal of
the shaper is fed to a discriminator with a high thresh-
old. The output from this discriminator is used as the
flag signal to start the charge calculation process and as
a “valid” condition for time measurement from the
output the low-threshold discriminator. To
suppress the effect of pileup, baseline restoration and
digital processing on the signal waveform after digitization
will be applied in the electronics design.

Outputs from the FEE are collected by the RUs,
which further assemble these data and transfer them to
the DAQ through optical fibers. The MDC readout elec-
tronics are required to be synchronized with a system
clock signal, which is received by the RUs and then
fanned out to the FEE. The RUs also receive the global
trigger signal and fan it to the FEE to perform trigger
matching to read out valid data.

from

3.5.7  Conclusion

In summary, an MWDC-based MDC is the baseline for
the conceptual design of the main tracking system for
the STCF, ensuring the robustness and stability of the
whole tracker system. The MDC consists of 48 layers of
drift cells with an inner radius of 200 mm and an outer
radius of 850 mm. To improve its performance, several
detector design parameters, including the working gas
component, wire parameters, cell structure and layer
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Fig. 3.40 Time and charge measurement circuit for the MDC.

layout, are optimized via simulation. The study indicates
that the baseline MDC can satisfy the physics requirements
of the STCF, with a transverse momentum resolution of
opr/pr < 0.5%@1 GeV/c. According to the experience of
the BESIII experiment, a dE/dz resolution of ~6% can
be achieved for this MDC design.

3.6  Particle identification in the barrel (RICH)

3.6.1  Introduction

The particle identification for the full momentum range
is essential for charm physics studies and fragmentation
function studies. In particular, the precise measurement
of the collision fragmentation function requires a w/K
misidentification rate less than 2% up to p = 2.0 GeV/c,
with the corresponding identification efficiency being
larger than 97%. In addition, studies of XY Z physics, 7
physics and (semi)leptonic decays of charmed mesons
require a good suppression power for /7.

The identification of hadrons in the low momentum
range is achieved through measurements of the specific
energy loss rate (dE/dz) by the MDC. The identification
of leptons and neutral particles is provided by the EMC
and the MUD. The PID system of the STCF focuses on
charged hadrons with a high momentum, from approxi-
mately 0.7 GeV/c up to 2 GeV/c. To cover this range,
the Cherenkov detector is one of the technologies that
can fulfill those requirements.

The PID system of the STCF is placed between the
EMC and MDC. The solid angle coverage cos of the
barrel PID is 0.83 and that of the end-cap PID ranges
from 0.81 to 0.93.

Cherenkov radiation can be used for PID in a wide
momentum range in modern high-energy physics experi-
ments through the measurement of the characteristic
radiation angle, which depends on the refractive index of
the medium and the particle velocity. According to the
PID requirements of various particle species and
momentum ranges, different kinds of media (commonly
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methods for realizing the measurement of E 78;’,?:"
Cherenkov light, (e.g., the radiation angle or spatial- § il - éf;??el
time hit pattern) are numerous. Two main types, = S  Nox — CF,
namely, the RICH and the detection of internal total- ] \\\\‘\_ " 3y
reflected Cherenkov light (DIRC), are commonly \\ \\;\\
employed in high luminosity experiments. Due to the 1 A - \5.0

space limit, the RICH detector is chosen as the baseline
candidate for the PID barrel region and is described
below.

Time of flight (TOF) is also a common PID technol-
ogy. For the barrel region, the minimum flight distance
is ~ 85 cm. An overall TOF time resolution of ~ 20 ps is
needed to effectively separate n/K at p>2 GeV/c. It is
thus very challenging to apply the TOF technique to
barrel PID detectors. However, for the end-cap region,
where the flight distance is approximately > 1.5 m, a
TOF resolution of ~ 35 ps is adequate. The details is
discussed in Section 3.7.

3.6.2  RICH detector concept

Conceptual design

The barrel PID system is placed between the MDC and
EMC, with a solid coverage of 0.83 and a distance of
approximately 85 cm to the collision point. This requires
the system to be thin enough to leave space for the
calorimeter, and the material budget needs to be low to
reduce the energy distortion. Hence, the thickness must
be less than 20 cm, and the material budget must be less
than 30% X,. The detector also needs to have a fast
time response to operate under a high luminosity envi-
ronment, with £ = 103 cm 25 .

To satisfy these requirements, a micropattern gas
detector (MPGD)-based RICH detector is chosen as the
baseline design for the barrel part of the PID detector.
The RICH particle separation power can be estimated
from Eq. (3.3),

o lmi—m}
7 p2opv/nZ — 1

where m; and m, are the masses from different particle
hypotheses, o4 is the angular resolution, p is the momentum
and n is the refractive index. Figure 3.41 shows the n/K
and K /p separation capability in terms of standard devi-
ation vs. momentum for different types of radiators,
where the angular resolution of the RICH detector is
assumed to be 2.5 mrad. For the momentum range of
interest of the STCF (<2 GeV/c), liquid and quartz
have adequate refractive indexes.

A sketch of the approximately focused RICH detector
is shown in Fig. 3.42. It includes a liquid radiator layer,
optical transparent quartz, a working gas, and photon

(3.3)

P[GeV/e]

Fig. 3.41 The n/K/p PID separation abilities of different
radiators assuming 2.5mrad angular resolution. The results
for quartz and C¢Fi4 with a refractive index of 180nm are
depicted.

detectors. A charged particle moving outward can emit
photons in the radiator with a Cherenkov angle of
0. = arccos(1/(Bn)) with respect to the particle direction,
where 3 is the velocity of the particle and n is the refractive
index of the radiator medium. These photons are
approximately focused on the anode layer of the photon
detectors to produce a circular ring image. For each
detected photon, a value of . can be calculated for
comparison with different particle hypotheses.

The present baseline design of the RICH detector
considering the above discussion is described as follows.
Each module contains a 10.0 mm-thick liquid radiator
with a 3.0 mm quartz window. A light propagation
region of 100.0 mm separates the quartz window and the
cathode wires (mesh) from the Csl-coated thick gaseous
electron multiplier (THGEM) placed under the cathode
wires.

The radiator container, the chamber gas and the
remaining components must be UV transparent or at
least exhibit UV transparency comparable to that of the
radiator. However, the gas may be contaminated by
water vapor and oxygen, which reduces the transparency
range. Hence, this contamination must be controlled to
less than 10 ppm.

The RICH detector consists of a Csl-coated THGEM
as the photocathode and a Micromegas (MM) layer to
amplify the photoelectrons. The distance between the
THGEM layer and the MM layer is 2 mm. A small
reverse electric field is applied between the cathode and
the top layer of the THGEM to increase the quantum
efficiency. The converted photoelectrons drift to the
bottom layer of the Micromegas plane with a gain of
approximately 10°. The induced signal is then picked up
by the anode. The ions generated during the amplification
drift along the electrical lines and bombard the photo-
cathode. This induces a second signal and results in
photocathode aging. With the hybrid combination of the
THGEM and MM, the ion backflow is demonstrated to
be less than 4% [429]. Considering the goal of ten years
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Fig. 3.42 The RICH detector structure.

of operation, the total accumulated charge for the STCF
RICH detector would be approximately a 2 puC/cm?.
The usage of large-area Csl photocathodes has been
demonstrated in the ALICE [430] and COMPASS [429]
experiments, and no severe aging effects have been seen
under 10 pC/cm?.

The overall material budget with aluminum plating as
the container is listed in Table 3.12. The total material
budget is approximately 24% X,.

Systematic error for RICH reconstruction with
S.P.E. (single photon electron)

RICH signals can be simulated analytically based on
the propagation of Cherenkov light, as shown in
Fig. 3.43, where L is the thickness and n is the refractive
index. The subscript indexes r, ¢, and ¢ represent the
radiator, the quartz box, and the transport gas medium,
respectively. Lo is the distance between the emission
point where Cherenkov light is generated along a
charged particle and the bottom of the radiator. 6, can
be calculated from the charged particle incident angle 0,
Cherenkov emission angle 6, and azimuth angle ¢. Thus,
the expected hit position on the anode can be expressed
as r = Lg-tanfy + Ly - tan6y + L, - tan 0.

To reconstruct the Cherenkov angle 6. from each hit
position r, two assumptions are made: i) the Cherenkov
radiation is emitted from the center of the charged track
trajectory inside the radiator because the absorption
effects are neglected; ii) although Cherenkov radiation is
a spectrum, the refractive indexes of each component at
180 nm are taken because this is the most likely value
considering the absorption of each medium and the
quantum effect of the cathode.

For illustration purposes, it is useful to consider the
case of a vertical incident particle (6 =0). By defining
Ro=1Lq ::2112 0. the
expressed as

Cherenkov angle can be

Table 3.12 Material budget of the RICH detector.

Thickness [mm)] X/Xo
Top ceramic plate 3 0.03
Quartz window 3 0.03
Radiator CgF'14 10 0.05
THGEM+Micromegas 0.4 0.01
Anode+FEE 8 0.02
Aluminum plate 5 0.05
FEE cooling 5 0.05
Total 0.24
52
6. = arccos | 1 — +1 (3.4)

1+ =5

2

RO

The angular resolution of this type of RICH detector
includes contributions from the following components:

2 2 2 2 2
) + O—Lmd + Uacy + Oms + 000

N (3.5)

2 _
Oy =

The term o2 is the contribution from chromatic
dispersion. Cherenkov radiation consists of a continuous
spectrum of wavelengths extending from the ultraviolet
region into the visible spectrum. Liquid perfluorohexane
C¢F14 and high purity quartz are both candidates for
Cherenkov radiators for the STCF. The UV threshold is
mainly set by quartz, at approximately 170 nm. Cesium
iodide (CsI) provides a relatively high quantum efficiency
(~22% @ 180 nm) in this region and decreases to zero at
approximately 210 nm. However, the refractive indexes
of quartz and C¢F 4 vary by approximately ~8% and ~3%
in this region, respectively. The chromatic uncertainty is
intrinsic and the main source of the systematic error.
The term o7  comes from the uncertainty of the
emission point of the Cherenkov radiation. This is esti-
mated by taking L/v12, where L is the charged track
length inside the radiator, and the expected emission
point is near the center of the radiator. This contribution
is proportional to the fraction of the radiator length L,.q
and the light propagation length.

The term o2, comes from the anode spatial resolution.
The granularity of the detector, i.e., the anode pad size
for the readout, is driven by the required angular resolu-
tion, the light propagation distance and the number of
photoelectrons. The gaseous detector provides a negligible
material budget as well as possibly a long distance for
light propagation. From our previous study, 5 mm
anode pads with a 10 cm light propagation length would
be sufficient.

The term o2, represents the multiple scattering of
charged particles inside the radiator medium. This
dispersion can be estimated by taking o,,s ~ Af,,,, where
Aby,s o (1/p)y/L/Xo. This term contributes mainly to the
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Fig. 3.43 The Cherenkov light propagation in the RICH detector.

low momentum range and decreases rapidly when
momentum increases.

The term oj comes from the incident angle uncer-
tainty. This can be estimated by extrapolating the
reconstructed charged track from the MDC to the PID
detector and is not taken into account for current opti-
mization.

To estimate the RICH reconstruction accuracy, we
can deduce the chromatic error related to the refractive
index n of the radiator, the geometric error related to
the emission point of Cherenkov radiation L, the local-
ization error related to the spatial resolution of the
detector, and the multiple scattering error of the
charged incident particle. By taking the thicknesses for
each part as L, =10 mm, L, =3 mm and L, = 100 mm,
which are the default designs for the RICH detector, we
can obtain the contribution of each systematic error on
the angular resolution §.. The results are summarized in
Table 3.13. Figure 3.44 shows these four contributions to
0. resolution as a function of 4 in this configuration, and
it can be seen that the dominant contribution is the
chromatic error and the geometric error. A comparison
to the GEANT4 simulation for 2 GeV/c « is made,
showing consistency.

Number of photoelectrons

The number of photon electrons N,. depends on the
thickness of the radiator, the attenuation length of the

radiator and the light propagation distance, and the

quantum efficiency of the Csl photocathode. This
number is given by
Npe = /NO <Ly -sin? 0, [T e/ Feie(N)d), (3.6)
i=0

where Ny - L, -sin?#, is the Cherenkov light output per
unit thickness, which is related to the particle velocity 3
and the refractive index n of the radiator; 6. is the mean
Cherenkov angle over the detected photon energy spec-
trum; L, is the thickness of the particle passing through
the radiator; I; is the distance traveled by the Cherenkov
light passing through the i-th optical component; L, is
the attenuation length of the i-th optical component;
and e()\) is the Csl quantum efficiency, which is taken
from Ref. [430]. Figure 3.45(a) shows the refractive
indexes of the liquid CgF4 and quartz used as the RICH
radiators, (b) shows the transmission rate of each optical
component, including the working gas with different
humidity and oxygen contamination values, (c) shows
the number of photoelectrons for 2 GeV/c = and K, and
(d) shows the reconstructed Cherenkov angle distribution
for 2 GeV/c m and K. An average of ~ 10 p.e. is expected.
In total, the RICH detector is expected to have 6.8
mrad from S.P.E. reconstruction, and better than 2.5
mrad angular resolution can be achieved.
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Table 3.13 Systematic error for RICH reconstruction.

Source Error (mrad) Simulation (mrad)
Chromatic 6.0 5.0
Geometric 2.6 3.1

Localization 1.6 1.8
Multiple scattering 1.1 1.1
Total 6.8 6.2
0.0064
0.005 - g )
0.0041 oy
S 0,003
0.0024.
0.0014

20 40 60 80 100
4

Fig. 3.44 RICH reconstruction system error versus the
Lorentz factor ~.

3.6.3 RICH detector performance simulation

Expected PID capabilities

GEANT4 simulations are performed to study the
expected performance of the RICH detector. Incident
particles 7/K/p are emitted from the IP inside a 1 T
magnetic field. The optical properties of the radiator
(quartz and CgFp4) are defined according to the
measurement results [430], and the absorption of gas is
calculated from the H,O and O, absorption cross-section,
with an assumed contamination of 10 ppm for each.
During the simulation, the detector response is considered
using the Csl converter quantum efficiency. A momentum
and azimuth angle scan is then performed, and a typical
ring of the Cherenkov hit pattern is shown in Fig. 3.46.
The blue and red curves represent 2GeV/c pions with
polar angles # = 0° and 40°, respectively.

To further evaluate the PID capabilities of the RICH,
a likelihood-based PID method is studied. The number
of Cherenkov photons collected by the 5 x 5mm? anode
pads follows a Poisson distribution. Therefore, the prob-
ability density function for the signal of an anode pad
can be constructed as

pdfi n, = Poisson(N; + 1073, mean; , +1073),  (3.7)

where i represents the pad index, h denotes hadron
species (in our case, 7, K, p), N is the photon number
collected by this pad, mean;; represents the expected
average number of photons of each anode pad, which is
simulated in GEANT4, and the constant 1073 is a
conservative estimation of the background level for each
anode pad. Under each particle type hypothesis, the log-

likelihood of the RICH detector is calculated by summa-
rizing the log-likelihood of all pads:

npads

InCy =Y Inpdf; . (3.8)

However, instead of calculating the absolute log-likeli-
hood, in separating particle types, the difference in log-
likelihood (DLL) between two hypotheses is calculated.
For instance, in 7, K separation, DLL is defined as

npads

DLL:ZIn%

pdfixc (3.9

If DLL > 0, the = hypothesis is accepted; otherwise, the
K Thypothesis is accepted. The PID efficiency vs.
momentum obtained by applying the reconstruction
algorithm is shown in Fig. 3.47.

A detailed scan for the n/K/p hadron hypothesis is
also performed. The momentum of the tracks ranges
from 0.8GeV/c to 2.4GeV/c, and the incident polar angle
ranges from 0° to 50°. The momentum range is divided
in 30MeV/c step, and the polar angle step is 1°. The =
PID efficiency and K/p mis-ID rate are shown in
Fig. 3.48. The PID efficiency increases with momentum
and varies along the incident angle. Especially for a very
large incident angle, such as an angle larger than 50
degrees, the Cherenkov light mainly comes from the
quartz box instead of the radiator; thus, the PID efficiency
decreases dramatically. Additionally, there are some
small zones where the PID efficiency drops due to some
other misidentifications. This is because of the difficulties
in distinguishing the light from the quartz box and that
from the radiator. In general, the RICH system can
fulfill the hadron PID requirements of the STCF.

Background simulation and occupancy

As shown in Table 3.4, the major component of the
background is expected to be luminosity-related back-
ground. To estimate the occupancy from the background,
each charged track is assumed to produce a signal in the
detector. Each Cherenkov photon that hits the anode
plane and is sampled according to the quantum efficiency
of the Csl photocathode is assumed to produce a signal.
The charged tracks, including Cherenkov photon—electron
signals, are summed as the RICH rate and listed in
Table 3.14. Radiative Bhabha scattering is the dominant
source of background. On average, the occupancy is
approximately 4.3 x 104 Hz for a 5 x 5 mm? anode pad
with a 500 ns time window, which is smaller than the
previous 10~2 background estimation from Eq. (3.7).

3.6.4  Detector layout

The RICH detector is placed between the MDC and
EMC, with 0.83 solid coverage of the barrel part. The
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Fig. 3.46 Examples of Cherenkov images in a RICH module. The blue image depicts the distribution of hits for 2GeV/c
pion with incident angle 6 = 0°, perpendicular to RICH, while the red image depicts 6 = 40°.

inner radius is 850 mm, and the outer radius is 950 mm.
As shown in Fig. 3.49(a), the RICH detector consists of
12 identical block modules. Each RICH module is 2400
mm long, 450 mm wide, and 130 mm in height. The
whole module is enclosed in a light-tight aluminum box
with support from each side.

Each RICH module consists of radiators, a light prop-
agation zone, a Csl-coated THGEM layer, a MicroMegas
layer, and anode pads. A schematic view of the RICH
module is shown in Fig. 3.49(b). The radiator contains 4
quartz boxes that are ~ 600 mm long and ~ 450 mm
wide. The quartz boxes are glued and sealed, the bottom
layer of which is a UV transparent quartz plate. These
liquid CgF,4 radiators are sealed inside quartz boxes,

with pipes connected one to another. A purification
system is employed to continuously purify the liquid and
pump it to the highest module. Modules are connected
by pipes as well. The liquid is driven by gravity and
flows back to the tank of the purification system. Note
that due to the aluminum box and radiator quartz
container, the insensitive area of barrel PID is less than
5%. The light propagation zone is filled with an argon-
based gas, which acts as the working gas for the photon
detector. Since humidity and oxygen contamination
result in the absorption of UV light, a purification
system for the gas system is required. The THGEM and
Micromegas are the same size as the radiator boxes for
convenience. The readout pads are 5x 5 mm?. In total,
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Fig. 3.48 PID capability scans for (a) 7 efficiency, (b) 7/K mis-ID rate.

Table 3.14 The background simulation for the RICH
detector.

Generation rate ~ RICH rate Counting rate

(Hz) (Hz) (Hz/mm?)
RBB e* 5.98x 108 1.25x10% 50.7
RBB v 1.07x10® 3.71x10° 1.47
pgc‘)zgn 1.03x 10° 2.44x107 9.65
Touschek 1.12x10° 5.04x 108 1.99
Coulomb 2.09x 108 2.90x 108 115

Brems 2.10x 108 2.10x 102 negligible

there are 43200 channels for each RICH module. The
electronics are described in the next section.

3.6.5  Readout electronics

Design overview

High precision time (1 ns RMS @ 48 fC) and charge (1
fC RMS) measurements are required for the RICH readout
electronics, with an input capacitance of approximately
20 pF. The total number of channels is estimated to be
approximately 518 400.

The structure of the readout electronics of the PID

RICH detector is illustrated in Fig. 3.50 and is
composed of FEE and RUs. Multiple front—end ASICs,
which perform analog signal manipulation and A/D
conversion, are integrated into one FEE module, and the
output data of these ASICs are transferred to a digital
ASIC or FPGA, which is responsible for data packaging
and transferring the data to the RU through a high-
speed serial data interface. The RU receives the data
from multiple FEE modules and finally transfers them
to the DAQ.

RICH electronics do not participate in the generation
of the global trigger signal. The RICH readout electronics
must receive the global trigger signal and implement
trigger matching in the FEE. The RICH detector readout
electronics must also be synchronized with a global clock
signal, and this clock is fanned out to the ASICs in the
FEE through RUs.

front—end ASIC

Given the large number of readout channels and the
requirements for high precision (time and charge)
measurements, the RICH electronics must feature high
density, low noise, and low power consumption, and
thus, it is necessary to employ a suitable ASIC that
satisfies these requirements.

The block diagram of the front—end ASIC is shown in
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Fig. 3.50 Block diagram of the RICH electronics.

Fig. 3.51. The CSA integrates the input signal and
generates a signal at its output with an amplitude
proportional to the input charge. This signal is then fed
to a shaping circuit that outputs a semi-Gaussian pulse
while enhancing the SNR. To digitize the waveform,
SCAs followed by Wilkinson ADCs are integrated into
the ASIC. The digitized signal is sent to the FPGA, and
then we can obtain the charge information through peak
detection or area calculation of the digitized waveform.
Additionally, time information can be obtained using a
leading-edge discrimination method. In addition, a
coarse counter is designed to expand the time measurement
range.

3.6.6 Summary and outlook

The baseline technology for the barrel PID detector at
the STCF is a RICH detector with a CgFy4 radiator.
The conceptual designs are described, and the expected
performance is studied through MC simulation. After
optimization, the RICH design is expected to meet the
PID requirements at the STCF. Extensive R&D works

are underway to verify the designs and key technical
aspects.

3.7 Particle identification in the endcap (DTOF)

3.7.1  Introduction

As discussed in Section 3.6.1, for the PID detector in the
endcap region, a technology based on the detection of
internal total-reflected Cherenkov light (DIRC) is
adopted, and the conceptual design is described in this
section.

The concept of DIRC was first introduced by the
BaBar experiment [431]. Cherenkov lights generated in
long-fused silica bars are propagated to the ends through
total internal reflections and then projected to an array
of photo sensors via a water expansion volume. The
fused silica is taken as both a Cherenkov radiator and
light guide. The angles of Cherenkov photons are main-
tained through hundreds of reflections, and the spatial
pattern of the Cherenkov ring can be recognized for PID
purposes. An excellent 7/K separation can be achieved
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Fig. 3.51 Block diagram of the front—end ASIC.

up to p=4GeV/c. It is worth noting that with BaBar
DIRC, the time resolution of a single photon is approxi-
mately 1 ns, which is mainly used to suppress uncorrelated
background through the setting of a proper time
window.

With improved timing resolution, better PID capability
is expected for new generation DIRC detectors, such as
those proposed in the future PANDA experiment [432]
at FAIR or EID at EIC [433]. The 3-D measurements of
(v,y,t) are achieved by a multianode PMT with high-
precision timing performance, namely, a microchannel
plate photomultiplier tube (MCP-PMT). The volume of
such a detector is rather compact, with typical thickness
< 5 cm (excluding the optical focusing part). The radiation
resistance and mechanical robustness are good, as well
as the rate capacity, all of which make it a suitable
detector in high luminosity experiments. The excellent
timing capabilities of the new DIRC detectors has also
led to the direct application of the DIRC technology to
high time resolution and high rate TOF measurement.
For example, assuming that the time resolution of a
single photoelectron is ~ 100 ps, then for Npp = 10, the
total timing resolution is ~ 30 ps, where Npg is the
number of photoelectrons. Such a DIRC-like TOF detector
was first proposed for the superB project [141] and
recently adopted for the LHCb upgrade, namely, the
Time Of internally Reflected CHerenkov light (TORCH)
detector [434]. For TORCH, a single photon timing error
of <70 ps and a light yield of Npg ~ 25 are predicted,
which is expected to achieve a high precision with a
time resolution of < 15 ps.

According to the above discussion, a DIRC-like time-
of-flight (DTOF) detector is supposed to meet the PID
requirement for the endcap region of the STCF owing to
the extended distance between the interaction point and
the endcap PID detectors. From physics requirements, a
7/ K misidentification rate less than 2% with corresponding
identification efficiency larger than 97% at p=2 GeV/c
is needed. This is equivalent to a 40 deviation of two
probability distributions. As a consequence, with a flight

length of 1.5 m for the hadrons, a total time resolution
of 35 ps is needed for the TOF measurements. However,
the time measurement with DTOF benefits from both
the time of flight of a hadron and the time of propagation
(TOP) of a photon, which has the potential to provide a
40 ps time resolution, for the DTOF at the STCF. In
the following, the conceptual design of the DTOF detector
at the STCF and its geometry optimization are
presented.

3.72  DTOF conceptual design

The proposed DTOF detector consists of two identical
endcap discs positioned at ~ 41400 mm away from the
collision point along the beam direction. Each disc is
made up of several quadrantal sectors, as shown in
Fig. 3.52, with an inner radius of ~ 560 mm and an
outer radius of ~ 1050 mm, covering in polar angles of
~ 22°-36°. The sensitive regions of the DTOF and RICH
detectors overlap, leaving no dead areas between the
barrel and the endcap. In each sector, a synthetic fused
silica plate is used as a radiator to generate Cherenkov
photons. The supporting structure between sectors occu-
pies ~ 15 mm of space, approximately 1.25% of the total
sensitive area. Considering the effect of the magnetic
field on the photon sensors, an array of multianode
MCP-PMTs are optically coupled to the radiator along
the outer side. Figure 3.52 also shows an example of the
light path from a photon directly hitting the MCP-PMT.
Note that there are also alternative paths for photons
reflecting off the lateral-side mirror.

DTOF time resolution

Time resolution is a key indicator of the performance
of a DTOF detector. It is necessary to analyze the
factors that affect the timing uncertainty, and the relative
importance of the various factors must be investigated
to optimize the time performance. The main sources
contributing to the timing uncertainty of the DTOF
detector can be expressed by
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Fig. 3.52 An example of the radiator sector for the DTOF
detector and the light path of the radiator.

2
2 . 2 9 Oclec OTTS O det
"‘““’"‘fk”T“(M) +(¢NTE) +<¢NTE> ’
(3.10)

where oy is the uncertainty caused by track reconstruc-
tion, which is ~ 10 ps; or, is the event reference time
(i.e., the time of ete~ collision, Tj) uncertainty, which is
~ 40 ps (it is closely related to the bunch length, which
is ~12mm in the current design, as depicted in the
STCF accelerator conceptual design report); e is the
electronic timing accuracy; orrs is the single-photon
transit time spread (TTS) of the MCP-PMT; and oy is
the time reconstruction uncertainty of the DTOF detec-
tor.

The contribution from oge, orrs and oy decreases
with increasing Npg, and the timing uncertainty of these
three effects can be estimated from the single photoelectron
(SPE) time resolution of the photon sensor and the elec-
tronics, called ogpg. The calculation results for the SPE
parameter are shown in Fig. 3.53 as a function of the
photon transmission distance D. The timing jitter of the
photon sensor plays a major role when D is relatively
short (<1 m), whereas the dispersion effect gradually
becomes the dominant factor when the distance from the
incident point to the photon sensor D is large (> 1.5 m).
A proper optical design can be used; then, the dispersion
effect can be corrected by position information if a very
precise timing is maintained. For the DTOF detector, a
typical D value is approximately 0.5 —1 m; hence, the
timing uncertainty due to the dispersion effect is smaller
than the timing jitter of the photon sensor. This means
that a compact design for the DTOF with no focusing
component is desirable. In addition, the spatial resolu-
tion, including the thickness of fused silica and the pixel
size of the photon sensor, has little effect on the time
uncertainty of the DTOF. Therefore, a photon sensor
with a large pixel size can be used to reduce the number
of electronic readout channels. Notably, Npr may also
increase with the thickness of the radiator. However,
this can cause an increase in the material budget,
although it has little influence on the SPE time resolu-
tion.

From the simulation, the average number of photons
detected by the MCP-PMT arrays is Npgp~17. By
applying a TOP-position calibration, where the average

200 = :
Overall FTOF timing uncertainty
1804 Spatial resolution (pixel size and radiator thickness)
160 SPE time resolution (MCP-PMT and electronics)
e b . - .
a Chromatic dispersion
= 140 Momentum uncertainty (incident particle)
«EZ’ 1204 Multiple coulomb scattering (MCS),
£ 100
E 4
an 804
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£ 604 e a
= 40 s
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o r T .
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Fig. 3.53 Main DTOF timing error factors and their
dependences on the distance from the incident point of the
particle (kaon at p =1 GeV/c) to the photon detector

track length collected by each sensor pixel and the average
velocity of photons are used to calculate the TOP (no
dispersion effects are accounted for), a timing resolution
of ~ 20 ps or better for the latter three effects expressed
in Eq. (3.10) can be obtained. To further study the time
resolution of the DTOF detector, a reconstruction algo-
rithm is required, which is presented in Section 3.7.3.

DTOF detector layout

Based on the results from both the simulation study
and the experimental test, we developed the conceptual
design of the DTOF at the STCF, as shown in Fig. 3.54.
The detailed structure inside a sector is also depicted in
Fig. 3.54. The planar synthetic fused silica radiator is
fan shaped and can be viewed as a composite structure
of 3 trapezoidal units, each ~ 295 mm (inner side) /
~ 533 mm (outer side) wide, ~ 470 mm high and 15 mm
thick. An array of 3x ~ (14-16) multi-anode MCP-PMTs
are directly coupled to the radiator along the outer side.
The whole sector is enclosed in a light-tight black box
made of 5 mm thick carbon fiber, occupying ~ 200 mm
space along the beam (Z) direction.

3.7.3  DTOF performance simulation

Reconstruction algorithm

GEANT4 simulations are performed to predict the
performance of the DTOF detector. A 20 mm thick
aluminum plate is added at a distance of 100 mm in
front of the DTOF detector to simulate the material
budget of the MDC endcap. When tracking photon
propagation, the inner and outer sides of the DTOF
radiator are set to be absorptive, while the two lateral
sides are set to be reflective (reflection factor ~ 92%,
typical for reflective coatings). The surface roughness of
the radiator is simulated by randomizing the normal
direction of the facet by ¢ =0.1° (corresponding to a
conservative average reflection factor of ~97%). The
wavelength dependence of the refractive index, absorption
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Fig. 3.54 The conceptual design of the DTOF detector.

length for the radiator, and quantum efficiency of MCP-
PMTs are carefully taken into account. Pion and kaon
particles are emitted from the IP at different momenta
and directions. Different polar angles, azimuth angles
and particle momenta are tested. A typical Cherenkov
photon hit pattern of pions at p=1 GeV/c, 6= 23.66°
and ¢ = 15° is displayed in Fig. 3.55. A clear correlation
between the time of propagation (TOP) and the hit
position is demonstrated by the simulation. There are
two bands in the figure: the lower left band represents
direct photons without reflection, and the upper right
band represents indirect photons with one reflection off
the lateral side. Obviously, good separation between the
two bands is obtained, except from a few sensors close
to the edge.

The DTOF reconstruction is performed in the coordi-
nates shown in Fig. 3.56 for one DTOF quadrant.
According to the Cherenkov angle relation

1 vy - Uy

fy— L v
cosle) = 25 = Toul Ty

(3.11)
where v, = (a,b, c) is the incident particle velocity vector
when the particle hits the radiator, v, is the velocity
vector of the emitted Cherenkov photons, n, is the
refractive index of the radiator, and B is the reduced
speed of the particle. The directional components of wv,
can be expressed as (Aw, Ay, Az), representing the 3D
spatial difference between the photon sensor pixel and
the incident position of the particle on the radiator
surface, as depicted in Fig. 3.56 (right). Although the
2D (z and y) difference can be readily obtained, Az must
be deduced with a certain particle species hypothesis. If
V =cos(d,) is known, the equation for Az can be
expressed as

(2 — V) Az + 2c(aAx + bAY) Az

+ (aAz + bAy)? — V2 (Az? + Ay?) = 0. (3.12)

By solving this equation, we find Az = =BEVEI-14C
with A=c? -V B=2c(aAz + bAy) and
C = (aAx+bAy)? — V2(Az? + Ay?). To obtain a real solu-
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Fig. 3.55 The simulated TOP vs. hit position pattern of
the DTOF detector.

tion, A = B2 —4AC >0 is required. Furthermore, after
the physical cuts V >0 (Cherenkov photons are

forwardly emitted) and %ﬁﬁ;z > L
reflection is ensured) are applied, the minimal solution
of Eq. (3.12), AZ = min(|Az;],|Az|) is taken as the opti-
mum.

The timing error of such an approach is estimated by
adding up the possible factors, such as the dispersion
effect, the finite photon sensor size and the propagation
length of photons inside the radiator. The expected
timing uncertainty for a pion of p ~ 1 —2 GeV/c crossing
the radiator perpendicularly, with H =05 m (in the
coordinate system defined in Fig. 3.56), is shown in
Fig. 3.57 for sensors at different positions. The pitch of
the photon sensor is 5.5 mm. No multiple Coulomb scat-
tering (MCS) effects are accounted for. It is obvious that
the intrinsic detector timing uncertainty is no more than
40 ps with this DTOF structure. Furthermore, we find
that the reconstructed length of propagation (LOP) of
light inside the radiator agrees with the MC truth to a
precision of ~ 3.3 mm, as also shown in Fig. 3.57. The
reconstruction algorithm works well for most photon
sensors independent of the incident position of the parti-
cles, except for a few sensors near the lateral side.

(internal total
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Fig. 3.57 The expected timing error and propagation length uncertainty of Cherenkov photons in a DTOF quadrant.

By applying the formula below
LOP

TOF =T —TOP — Ty =T — ~ Ty
Vg
LOP x 1,
_p_ LOPxny (3.13)
C

where v, is the group velocity of Cherenkov light in the
radiator, the TOF information is obtained. Figure 3.58
shows the time resolution of the DTOF detector for an
SPE and the average of all photons without taking into
account the timing jitter of the MCP-PMTs and elec-
tronics. For an SPE, the intrinsic time resolution of the
DTOF is ~ 41 ps. Averaging the timing information over
~18 detected photons, the timing jitter shrinks to ~10 ps.
It is also noted that in the TOF distribution plot, a low
(but visible) long tail appears on both sides of the main
peak. The tail is mainly caused by secondary particles
along the primary pion, mostly J-electrons.

The TOF information is deduced and compared to the
expectation of each particle hypothesis. Figure 3.59

shows the reconstructed intrinsic TOF distributions of
both pions and kaons at 2 GeV/c. We can easily find if
the particle hypothesis is correct the reconstructed TOF
peak is at the correct position, with a resolution of ~10
ps. However, if the hypothesis is not correct, the recon-
structed TOF peak is shifted with respect to the expec-
tation. The shift makes the separation between the pion
and kaon TOF peaks even larger, which may benefit the
PID power. When convoluting all contributing factors,
the overall reconstructed TOF time resolution is 45-50
ps, as shown in Fig. 3.59. Directly comparing the TOF
information shows that a 3.00 separation power for =/K
at 2 GeV/c is achieved. Furthermore, the separation
power becomes stronger if we compare the reconstructed
TOFs of various hypotheses for the same set of particles,
mainly due to the beneficial time shift under the incorrect
hypothesis (as in Fig. 3.59).

Expected performance

To evaluate the PID capabilities of the DTOF detec-
tor, we apply a likelihood method. The likelihood function
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Fig. 3.58 The TOF resolution of the DTOF detector for a single photoelectron and the average of all photons.

is constructed by

Ly =1_,fr(TOF"), AL=L,— L, (3.14)

where h denotes hadron species (in our case, m and K)
and i accounts for each detected photon. The probability
density function f, is taken as a Gaussian fit to the
expected TOF distribution [as in Fig. 3.59 (right)], plus
a constant background of 0.05. Figure 3.60 (left) shows
an example of the reconstructed AL for 2 GeV/c 7 and
K, where a n/K separation power better than 4o is
demonstrated. Figure 3.60 (right) shows the corresponding
identification efficiency under this condition. When a
kaon misidentification efficiency of < 2% is required, a
pion identification efficiency of > 98% can be achieved,
fulfilling the STCF PID requirement. Furthermore, with
improved PID algorithm that includes also the spatial
hit pattern information, the PID performance of DTOF
can extend to even higher momentum range. Figure 3.61
shows the likelihood PID capabilities of the DTOF
detector for n/K separation in different directions and
different momenta. Despite the very different particle
directions and momenta, a separation power of ~ 4o or
better over the full DTOF sensitive area is achieved.

S n sample - & hypothesis
500 o all
“= n sample - K hypothesis
4004 S5 K sample - K hypothesis
~——— K sample - r hypothesis
£ 3004 15 ps
o
&)
200
100+
0h e T . :
5 el 5.2 83 54 9:3 5.6

Mean TOF [ns]

To determination

The DTOF detector’s excellent timing performance
can help determine the e*e~ collision time (7). According
to Eq. (3.13), the TOF of incident particles and the
TOP of Cherenkov photons can be obtained from simu-
lations or calculations with different particles and different
Ty hypotheses, provided that the track information is
known. To evaluate different hypotheses, we define a
likelihood function,

Lhyhe = o fay ne (chi, T7), (3.15)

where h; denotes hadron species (in our case, = and K)
and hy denotes different T, (the bunches collide every 4
ns, i.e., Ty =0, +4ns, +8ns,...). The probability density
function fy,, p,(ch;,T;) is the photon arrival-time distribu-
tion of different channels. The Ly, j,, with different particle
and T, hypotheses is compared, and the T, candidate
with the maximum likelihood is determined. Figure 3.62
shows the Ty determination efficiency using the DTOF
detector for 7 samples in different directions and at
different momenta. Despite the very different particle
directions or momenta, T, can be determined correctly
with an efficiency > 99%. Note that if the particle velocity
is below the Cherenkov threshold, the corresponding T,
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Fig. 3.59 The TOF PID capabilities of the DTOF detector for n/K separation at 2 GeV/c¢, without (left) and with (right)

contributions from other timing uncertainties.
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Fig. 3.61 The likelihood PID capabilities of the DTOF detector for /K separation in different directions and at different

momenta.

cannot be correctly pinpointed. With decreasing momen-
tum, the time resolution of the DTOF detector worsens,
resulting in a decrease in the T, determination efficiency.

3.74  DTOF structure optimization

Different geometric parameters of the DTOF detector
are tested to study their effects on PID. The 7/ K separation
powers of different geometry configurations are
compared with the reconstruction algorithm and likelihood
method described above. The geometry configurations
studied are listed in Table 3.15. We study the effects of
three main factors: radiator shape/size, radiator thickness
and the setting of mirrors.

In Table 3.15, three different radiator shapes (and

sizes) correspond to Geometries 0, 1 and 2, where the
DTOF disc of Geometry 0 is made up of 4 quadrant
sectors, as in Section 3.7.2, and for Geometries 1 and 2,
the DTOF disc is made up of 12 and 24 trapezoidal
sectors, respectively. Each sector includes readouts from
18 and 8 MCP-PMTs for Geometries 1 and 2, respec-
tively. The effect of the radiator thickness is studied by
comparing Geometries 0, 3 and 4. The radiator thicknesses
are 15 mm, 10 mm and 20 mm, respectively. For all the
geometric configurations listed in Table 3.15, the inner/
lateral side surfaces of the radiator are covered by an
absorber/reflective mirror, labeled A/R, respectively.
For the outer side surface, a mirror can extend the
acceptance of Cherenkov light, which increases the
number of detected photons. As shown in Fig. 3.63, in
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Fig. 3.62 The rate at which Tp is determined correctly using the DTOF detector for « samples in different directions and

at different momenta.

Table 3.15 Description of the different DTOF geometry
configurations, where A stands for absorber and R for reflective
mirror.

Configuration/Geometry ID 0 1 2 3 4 5 6

Radiator shapes (sector number) 4 12 24 4 4 4 4

Radiator thickness (mm) 15 15 15 10 20 15 15
Outer side surface A A A A A R 45°R

Inner side surface A A A A A A A

Lateral side surface R R R R R R R

Geometry 5, a mirror is attached to the outer side
surface of the radiator, which is equivalent to putting
mirror MCP-PMTs parallel to the real tubes, and in
Geometry 6, a mirror is placed on the 45° chamfer,
which is equivalent to putting mirror MCP-PMTs
perpendicular to the real tubes.

The key results regarding the DTOF performance for
different geometry configurations are listed in Table 3.16
for 7/K mesons at p =2 GeV/c¢, § = 24° and ¢ = 45°.

The effect of radiator shape/size is studied by comparing
the DTOF performance with Geometries 0, 1 and 2. As
the radiator becomes smaller, the reflection time of
Cherenkov light off the lateral-side mirror increases,
which causes more photon losses and, more importantly,
“confusion” in LOP reconstruction. Geometry 0 has the
best n/K separation power, 4.170, while Geometry 2 has
the worst, 3.660, indicating that a larger radiator is
preferred.

Geometries 3 and 4 have different radiator thicknesses
than Geometry 0, which affects the photon yield.

Fig. 3.63 Three different configurations on the outer
surface of the radiator. An absorber (left) or mirror (middle)
on the outer surface and a mirror on the 45° chamber of the
outer side surface (right).

Although more detected photons mean better time reso-
lution and PID performance, we favor the 15 mm thick
radiator, as it offers the best balance between reducing
the impact of the material budget on EMC and providing
performance redundancy, e.g., for reducing the influence
of the detector aging effect in long-term operation.

To increase the photon yield, mirrors are attached to
the outer side surface of the radiator in different ways in
Geometries 5 and 6. The numbers of p.e. received in
these two geometries are ~ 33 and ~ 39, which are much
higher than that in Geometry 0. However, the mirror
also increases the number of possible light paths, which
causes “confusion” similar to the effect of multiple
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Table 3.16 Performance of different geometries at p =2 GeV/¢, 6 = 24° and ¢ = 45°.
Configuration/Geometry 1D 0 1 2 3 4 5 6
Ny for pions 21.8 21.9 17.0 15.5 25.7 33.2 38.7
Accumulated charge density on 10.8 10.5 9.6 8.8 11.8 17.0 25.6
MCP-PMT anode (C/cm?)
7/ K separation power 4170 4.080 3.660 3.990 4.270 4.260 4.190
reflections off the lateral-side mirror and degrades the 1.4x10%4 7 ;M:'::,al
time resolution. Therefore, even with more detected s & o DI
photons, the 7/K separation powers of Geometries 5 and _1.2x10% _
6 are similar to that of Geometry 0. In addition, the o) T
accumulated charge densities of these two geometry 2 1.0x10¢ r6.0x10° o
configurations are much higher, which affects the lifetime é é
of the MCP-PMTs. Thus, options with mirrors attached 3 8.0x107- =
to the outer-side surface of the radiator are not favor- 2 14.0x10° @
able. 6.0x107
According to the above comparison, the optimum
geometry configuration of the DTOF detector is Geometry 4.0x107 : . 2.0x10°
. . . 0 50 100
0. It is worth noting that the large radiator of Geometry Time [ns]

0 may result in inefficiency when two tracks hit the
same radiator in one event. The rate of inefficiency due
to such pile-ups is studied in two kinds of MC samples,
J/w — anything and w(3770) — D°D° — anything. By
requiring the polar angle of the charged tracks to be
within (22°,36°), the multiplicity of these endcap tracks
is examined, where one track is dominant and three
tracks are negligible. For the case of two tracks, if the
difference in their azimuth angles is within (—45°,45°), it
is treated as a pile-up event and causes inefficiency.
These studies show that the rates of inefficiency for
these two MC samples are 0.36% and 0.63%, respec-
tively. It can be concluded that the large radiator of the
DTOF design does not affect the reconstruction efficiency
for most physics programs and is acceptable at the
STCF. Therefore, Geometry 0 can be chosen as the
baseline design.

3.7.5  Background simulation

The distributions of background particles obtained by
the dedicated MDI and background study, as discussed
in Section 3.2.3, are used as input in a DTOF GEANT4
simulation and then to simulate the effect of background
on DTOF performance. The background particles influ-
encing the DTOF detector are mainly secondary
gammas and electrons. Their hit rates are approximately
7x10° Hz and 6 x 10" Hz, respectively, including two
main parts: the beam-induced background (75%) and
the physical background (25%). The probability that the
background particle generates single photon-electron
signal is very low, and the simulated background value
is approximately 10 hits per quadrantal sectors in a 100
ns time window, based on the following simulations.
This is consistent with data shown in Table 3.5 and

Fig. 3.64 Overall time distribution of background particles
hitting the DTOF detector.

Table 3.6. The beam-induced background is uniformly
distributed in time, while the physical background is
related to collisions during bunch crossing (once per 8
ns), exhibiting a characteristic time structure. With
Monte Carlo sampling of the physical background time
distribution combined with the uniform time distribution
of the beam-induced background, the overall time distri-
bution of background hits on the DTOF detector can be
obtained, as shown in Fig. 3.64.

= and K particles are generated in the GEANT4 simu-
lation along with the background samples to study the
effect of the background. In the GEANT4 simulation,
the time window of the signal acquisition is 100 ns and
is placed within the interval [-40 ns, 60 ns] so that the
real signal is in the middle of the time window. In this
time window, the number of background particles is
given by a Poisson distribution, and the time distribution
is sampled according to Fig 3.64. The background may
greatly increase the number of photoelectrons detected
by the DTOF detector for a single event, resulting in an
increased possibility of multiple hits in a single channel.
The correction of multiple hits is applied, which means
that in the time window of [-40 ns, 60 ns], only the first
arriving photoelectron signal is taken, and all other hits
are dismissed. With the background hits taken into
account and assuming an MCP-PMT gain of 10°, the
average accumulated charge density on the MCP-PMT
anode is 12 C/cm? over 10 years of STCF operation (50%
run time). Under such a background level, the radiation
effects of the quartz radiator and the MCP-PMTs
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Fig. 3.65 2-D time-position map of DTOF hits (left) and reconstructed TOF distribution of a single photoelectron signal

(right), with multiple-hit correction.

should be small according to studies of other DIRC and
DIRC-like detectors.

Figure 3.65 shows the 2D time-position map of DTOF
hits. Hits by the background particles are uniformly
distributed throughout the phase space, while the real
signal hits are concentrated as bands. After the time
reconstruction, the TOF distribution of a single photo-
electron signal can be obtained, as shown in Fig. 3.65.
The reconstructed TOF of the real signal is a Gaussian
distribution (o ~ 100 ps), while the TOFs of background
particles are uniformly distributed. Some single-photon
electrons with zero TOF do not meet the reconstruction
conditions and are taken as background. Due to the
uniform distribution of the reconstructed background
signal, the influence of the background can be eliminated
by using the maximum likelihood method. The /K
resolution is found to be 4.10, as shown in Fig. 3.66.

Considering the Poisson fluctuation of the background
count, the =/K resolution remains at 4.12¢ even under
an extreme condition of three standard deviations above
the average background level, i.e., the background hit
rate is increased to 2.1 x 103 Hz per single DTOF disc.
Although the number of photoelectrons from the back-
ground increases dramatically, the final effect on /K
separation is fairly small.

3.7.6 Readout electronics

In MCP-PMT-based DTOF detectors, particle identifi-
cation relies on the Cherenkov photon arrival time
rather than the position information of the MCP-PMTs.
Therefore, high timing resolution is an essential feature
of DTOF detectors. Furthermore, DTOF detectors
usually have a large channel number and require a track
timing resolution below 30 ps, which is a great challenge
for front—end electronics.

The preliminary structure of the DTOF readout elec-
tronics is shown in Fig. 3.67. The readout electronics
consist of the front—end board and the data-control
board. The front—-end board utilizes a time over multi-
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Fig. 3.66 r/K identification capabilities (at 2 GeV/c) of

DTOF with multiple-hit correction.

threshold scheme to extract timing information from
analog signals. The signals from the MCP-PMTs are
preamplified first. The gains of the amplifiers are set
independently to compensate for the gain variations of
the individual MCP-PMT channels. The amplified
signals are fed into high-performance comparators, each
of which has a different threshold. The outputs of these
comparators are fed into the FPGA. The time-to-digital
converter (TDC) module is implemented in the FPGA.
The TDC measures the arrival time of both edges of the
comparator outputs with high accuracy. Then, the
front—end board passes the resulting binary data stream
to the data-control board. The data-control board not
only collects data streams from front—end boards but
also sends out a high-performance clock and control
signal to the front—end boards. According to the structure
described above, we can briefly estimate the amount of
data that the readout electronic system feeds into the
subsequent DAQ system. Assuming that the event rate
of the DTOF detector is 80M hits/s, the data rate
output to the subsequent DAQ system can be simply
calculated to be 960 MB/s without considering the
effects of the detector background noise and crosstalk.
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Fig. 3.67 The preliminary structure of the DTOF readout electronic system.

For high time resolution, it is crucial that the
front—end electronics have high bandwidth and a high
SNR. The time resolution of the FPGA-based TDC was
found to be 3.9 ps in a previous work of ours [435]. We
therefore implement the TDC that can measure narrow
pulse widths, of which the time resolution will be better
than 5 ps. The TDC performance in the radiation envi-
ronment will be evaluated. The results of the evaluation
will affect our system structure design. A stable, low-
jitter detector-wide clock distribution network also needs
to be developed. Its long-term stability, short-term
stability, and temperature stability will be carefully
evaluated. The jitter of the clock distribution network,
which is better than 15 ps, satisfies the design require-
ments. To further improve the measurement resolution
of the leading-edge timing, the multithreshold TOT
method may be used.

The DTOF readout electronic system consists of many
front—end boards that need to be synchronized, so the
jitter of the distribution clock network is a key parameter
of the electronic system. It is necessary to develop a
clock distribution network that meets the requirements
of the DTOF detector based on existing technology. The
conventional White Rabbit network can provide
subnanosecond accuracy and tens of picosecond precision
for synchronization. To achieve a high synchronization
accuracy, a new optical fiber link and synchronization
scheme based on optical and
transceivers embedded in FPGAs is proposed [436].
Through a prototype implementation and performance
evaluation, the distributed clock has shown a synchro-
nization accuracy better than 15 ps, which can meet the
requirements of most current large-scale physics experi-
ments.

Finally, the readout electronics must sustain the radi-
ation loads during the operational lifetime of the STCF.
Among them, the radiation influence on the FPGA-
based TDC needs to be regarded from two aspects, i.e.,
the damage to the FPGA-based TDC from a single

circulators serial

event and the long-term changes in the FPGA-based
TDC performance under the radiation environment.

3.7.7  Summary and outlook

A conceptual DTOF detector design for an endcap PID
detector providing effective n/K/p identification at the
STCF is presented. An optimum quadrantal radiator
with a thickness of 15 mm with an absorber attached to
its outer surface is chosen as the baseline design. The
performance of the DTOF is investigated through MC
simulation, and a reconstruction algorithm for the
DTOF is developed. The simulation indicates an overall
reconstructed TOF time resolution of ~ 50 ps with an
average of ~ 20 photons detected by the MCP-PMT
arrays when all the contributing factors are converted. It
is worth noting that the uncertainty of Ty dominates the
overall timing error; therefore, an optimal design of the
STCF bunch size is crucial. By applying the likelihood
method, a 7/K separation power of DTOF of ~ 40 or
better at a momentum of 2 GeV/c is achieved over the
entire DTOF sensitive area. This fulfills the requirements
for the PID detector at the STCF. Extensive R&D
works concerning DTOF are underway to verify the
designs and the key technical aspects.

3.8 Electromagnetic calorimeter (EMC)

3.8.1 Introduction

The electromagnetic calorimeter (EMC) of the STCF
detector is a cylindrical array of scintillating crystals
that provides energy and position measurements for
photons with high resolution and 4r coverage. It can
also identify particles including photons, electrons and
hadrons. The primary detector requirements leading to
the conceptual design of the EMC are listed as follows:

o Energy resolution of approximately 2.5% for 1 GeV
photons and good energy linearity from 25 MeV to 3.5
GeV.
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e Position resolution of about 5 mm for 1 GeV
photons.

o Fast response to cope with the expected high rate
environment.

e Time resolution of about 300 ps for 1 GeV energy
deposits to suppress background and identify particles.

o Good radiation resistance against the radiation dose
anticipated of 10 years of operation.

e Providing critical input to the trigger system.

e Precise luminosity measurement.

3.8.2  EMC conceptual design

Crystal and photo-detector choices

With the advantage of high light-yield, CsI(Tl) crystal
based calorimeters have been widely used in collider
experiments in the r-charm energy region, for example,
in BESIII [437], Belle [438] and Belle II [422]. However,
the decay time of this crystal is so long that it cannot
meet the requirements of a high luminosity experiment.
In the STCEF, it is necessary to select a faster crystal for
the EMC. Pure CsI (pCsl) crystals, with a short decay
time and excellent radiation resistance, are promising
candidates. The light yield of pCsI crystal is approximately
2% of that from CsI(Tl) [439] and would further
decrease by 20% when the received irradiation dose
reaches 100 krad (the total irradiation dose of the STCF
EMC endcap in 10 years would be approximately 45
krad [see Table 3.6)].

For the readout electronics of a crystal scintillator,
semiconductor photodetectors are favored to operate in
a strong magnetic field of 1 T. Mature commercial semi-
conductor photodetectors mainly include photodiodes
(PDs), avalanch photodiodes (APDs) and silicon photo-
multiplifiers (SiPMs). Considering the gain performance,
large dynamic response range, linear output signal
amplitude, sensitive area and light collection efficiency
of APDs, the photodetectors are more suitable as light
collection devices of pCsl crystals.

A pCsl crystal scintillator with an APD readout is
chosen as a possiable candidate satisfying the physics
requirements of the STCF EMC. Two of the most
important factors regarding the performance of the EMC
are the energy resolution and position resolution. The
relevant considerations for the conceptual design of the
EMC are discussed below.

The energy resolution of a calorimeter is affected by
the shower leakage, which is mainly determined by the
total radiation length (X,) of the EMC. Figure 3.68
shows the longitudinal development of the shower of a
3.5 GeV photon (close to the most energetic photon in
the STCF) in a pure Csl crystal. Approximately 95% of
the shower energy is deposited within 15 X, (28 cm).
Then, with increasing total radiation length, the total
energy deposition increases slowly, and the improvement
in the energy resolution is very small. Considering the
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Fig. 3.68 The shower longitudinal distribution.

total crystal cost and performance of the EMC, we
choose the crystal radiation length of 15 X,,.

The position resolution (angular resolution) is affected
by the shower transverse development and the calorimeter
segmentation and is an important parameter for the
reconstruction of 7% particles. According to the simula-
tion, the minimum angle between two photons from the
decay of a 1.5 GeV 7% (about the most energetic 7° in
the STCF experiment) is about 10 degrees. To separate
these two photons, the maximum coverage of each crystal
should be ~3 degrees. In principle, finer dimensions
improve the angular resolution. However, the packaging
and supporting materials of the crystal increase, and the
lateral leakage increases, which worsens the energy reso-
lution. Optimization of the crystal size is performed
using simulation and is discussed in Section 3.8.2.

Crystal size optimization

Figure 3.69 shows the schematic arrangement of crystals
in the X—y plane of the barrel EMC. The inner radius R
of the calorimeter is 105 cm, and the length of the crystal
is 28 cm. The size of the cyrstal, denoted by the dimension
of the front face where particles enter, is a key design
parameter to be optimized.

Energy resolution

The influence of the front face size of the crystal on
the energy resolution of the EMC is also investigated. In
principle, the angular resolution of the EMC can be
improved by reducing the crystal front face size, but
more packaging and supporting materials would be
introduced, which would degrade the energy resolution
of the EMC. Figure 3.70 shows the energy resolution of
1 GeV gamma ray reconstruction, comparing the energy
deposition in two layouts: a 3 x 3 crystal array with a
5 cm crystal front face size and a 5 x 5 array with a 3
cm crystal front face size. The reconstructed energies are
0.911 GeV and 0.905 GeV, respectively, where a smaller
crystal gives a lower reconstructed energy, but the
difference is not significant. To obtain the energy resolu-
tion, a Crystal Ball function is fit to the reconstructed
energy distribution, and the FWHM divided by 2.35 is
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Fig. 3.69 The schematic arrangement of crystals.

used as the energy resolution. For the two layouts, the
energy resolutions are found to be 2.46% and 2.56%,
respectively, and the smaller crystal results in a larger
energy uncertainty. The total effective areas of the EMC
used in both cases are the same. However, more packaging
materials with a smaller crystal size are needed. The
packaging materials here are 300 ym Teflon film and 200
pm carbon fiber as crystal support materials.

Position resolution and 7° reconstruction effi-
ciency

The position resolution of incident photons is directly
dependent on the crystal front face size. The shower
position measurement is the key to reconstrcuting the
incident angle, where the barycenter method is
commonly used, with the following formula:

N N
T = ij(Ej)xj/ij(Ej)v (3.16)

where z. is the reconstruction position, z; is the spatial
coordinate of the j-th crystal, and w; (E;) is the weight
of the j-th crystal involved in the position reconstruction.
The weight is related to the energy deposition in that
crystal. The angle can be determined by reconstructing
the incident point on the crystal front surface and the
collision point. Figure 3.71 compares the position resolution

of 1 GeV 5 reconstructed by the logarithmic weight of
energy in crystals with two different front face sizes of
(a) 5 cm x 5 cm and (b) 3 cm x 3 cm. The position
resolutions are 4.8 mm and 3.8 mm, respectively, clearly
showing that the position or angular resolution can be
improved by decreasing the crystal size.

With decreasing crystal front face size, the proportion
of packaging materials between crystals increases, which
leads to degraded reconstruction efficiency for #°. The
reconstruction efficiencies of 7% with different crystal
front face sizes are compared, as shown in Fig. 3.72.
Here, it is required that the two photons generated by
79 decay are both within the effective acceptance of
EMC, and to reconstruct the 7° mass. It is clear that
the reconstruction efficiency of 7% is higher for larger
crystal front face size. The average opening angle of the
crystal with the front face size of 5 cm relative to the
collision point is about 2 degrees, which can distinguish
the two photons generated from 70 (7% of 1.5 GeV,
where the minimum included angle of photons is about
10 degrees). Moreover, the energy resolution of the 5 cm
crystal is better than that of the small-sized crystal, so
the reconstruction efficiency of #° in the same mass
width range is slightly higher.

Fake photon discrimination

In contrast with the normal photons from the collision
point, most of the fake photons are generated at other
positions, and their direction of incidence on the EMC
deviates greatly from the axial direction of the crystal,
which causes the hit number and secondary moment of
the shower in the EMC to be different from that of real
photons. Another important difference is that the time
information is different from the real signal. This infor-
mation can be used to identify fake photons. In addition,
whether the direction reconstruction of photons can be
realized by longitudinal sampling of the EMC is still an
interesting topic, but considering the importance of
energy resolution, the scheme of longitudinal sampling
needs to be carefully designed.

In conclusion, considering the energy resolution, position

(a) (b)
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o 3007 3 150+
o o
200+ 100-
100+ 50
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Fig. 3.70 The energy resolution of the EMC. The pCsl front face size is 5 cm (a) and 3 cm (b).
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Fig. 3.71 The EMC position resolution based on the logarithmic energy weighting method, with (a) 5 cm x 5 cm and (b)
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resolution, reconstruction efficiency and total number of
readout channels, based on the premise of meeting the
STCF EMC requirements, the end face size of ~5 cm is
selected as the typical size of the crystal.

EMC layout

The calorimeter is composed of a barrel part and an
endcap cover, and the crystal arrangement diagram is
shown in Fig. 3.73. The barrel part covers polar angles
from 33.85° to 146.15°, with an inner radius of 105 cm
and length of 320 cm along the beam direction. The
endcap part is located at 160 cm < |2| < 190 cm, with an
inner radius of 56 cm and an outer radius of 105 cm.
The endcap covers polar angles from 19.18° to 33.64°
and 156.15° to 160.82°. The entire EMC provides a
94.45% solid angle coverage of 4 7.

There are 51 circles of crystals in the barrel along the
beam (z) direction, 132 crystals per circle, and 6732
crystals in total. The crystal size and shape in the same
circle are the same, and the crystal shapes in different
circles are similar but different. The crystal is in an
irregular trapezoid platform shape, in which the sizes of
the front and back faces are about 5 x5 and 6.5 x 6.5
cm? respectively, and the longitudinal length is 28 cm.
The endcap is divided into two identical parts, located
to the left and right side of the barrel part, each with

969 crystals, with a total of 1938 crystals. The crystal in
the endcap is also in an irregular trapezoid platform
shape. The sizes of the front and back faces are about
45x45cm? and 52x52cm?® respectively, and the
longitudinal length is also 28 cm.

To reduce the probability of secondary particles
escaping from the gap between crystals, a defocus design
is added to the geometric structure of the EMC to
improve the detection efficiency. In the direction of 0,
except for the middle circle of crystals in the barrel,
each circle of crystals points to £2.5 cm away from the
collision point, and each circle of crystals in the endcap
points to £10 cm away from the collision point, which
can also be seen in Fig. 3.73. In the azimuth direction
(¢), the crystal in each circle deflects 1.36° in the direction
of phi. In this way, the crystal points to the circumference
with a radius of 2.5 c¢m centered on the beam line, as
shown in Fig. 3.74.

3.8.3  Expected performance of the EMC

Energy response

Based on the conceptual design, the response of the
EMC to photons with different energies is studied via
GEANT4 simulation using 1 GeV photons. As shown in
Fig. 3.75(a), the intrinsic energy resolution is about 1.52%
with only considering the interaction between photons
and the crystal. Here, the energy reconstruction is in the
range of the 5 x5 array and each crystal has a cross-
section of 5 x 5 cm?at the front face. The energy deposition
fluctuation is mostly caused by backscattering and leakage
of the shower tail. The energy resolution is simulated by
taking into account several main factors. The influence
of these factors on the energy resolution is given in
Table 3.17. When the light yield of the crystal is set to
100 pe/MeV (preliminary measurement shows that the
light yield of the pCsl crystal can reach about 150 pe/
MeV, see Section 3.8.6), the simulated energy resolution
is 1.52%. When a 200 um thick carbon fiber material is
introduced as the support unit, the energy resolution
becomes 1.96%. The light collection nonuniformity of
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Fig. 3.73 The EMC layout design.

large crystals can generally reach a few percent. For
example, in the BESIII experiment, the average nonuni-
formity is about 3%—4%. After taking into account a 5%
nonuniformity, the simulated energy resolution increases
to 2.06%. Considering that the secondary particles
generated in the shower process hit the APD and
produce electron—hole pairs, which are superimposed on
the signals, the energy resolution is 2.11%. When electronic
noise of 1 MeV is added, the final energy resolution is
2.15%, as shown in Fig. 3.75(Db).

Figure 3.76(a) shows the photon energy response from
50 MeV to 3.5 GeV. The results show excellent linearity,
with a nonlinearity of about 1%. Figure 3.76(b) shows
the energy resolution curve. The results show that from
50 MeV — 2 GeV, the energy resolution gradually
improves with increasing energy, but it begins to deteri-
orate slightly at 2 GeV because of energy leakage in the
EMC back end. At 1 GeV, the energy resolution is
better than 2.5 %, which meets the requirement of the
EMC.

Position resolution

Figure 3.77(a) shows the performance of the EMC
position resolution. The results show that the position
resolution gradually improves with increasing energy. At
1 GeV, the expected positon resolution is about 5 mm,
which meets the design requirements. With the position
resolution, the angular resolution can be obtained, as
shown in Fig. 3.77(b). The angular resolution is 4 mrad
at 1 GeV.

Time resolution

The full response of the EMC including the optical

Fig. 3.74 The EMC defocus design.

processes, the response of APD and readout electronics
is simulated with GEANT4. The output waveform from
the simulation was processed using the template fitting
method (see Section 3.8.4) to extract the arrival time of
the output signal (corresponding to the hit time of incident
particles up to a certain delay). Assuming that the light
yield is 100 pe/MeV, the distribution of the hit time on
the seed crystal in a shower for 100 MeV photons is
shown in Fig. 3.78(a). The width of this distribution
representative of the EMC time resolution is 318.8 ps
(no electronic noise is considered here). Figure 3.78(b)
shows the time resolution for different energy deposits.
The time resolution improves as the deposited energy
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Table 3.17 The energy resolution considering different effects.

Condition Intri Carbon fiber (200 pm) Uni (5%) APD Noise (1 MeV)
EneRes @ 1 GeV (%) 1.52 1.96 2.06 2.11 2.15
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Fig. 3.75 The expected energy resolution of the EMC, (a) the intrinsic performance without considering material effects
and (b) with several main factors.
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Fig. 3.76 The expected performance of (a) the energy linearity, and (b) the energy resolution.

increases and can reach 200 ps at 1 GeV. Our preliminary
study has demonstrated a light yield beyond 100 pe/
MeV for the pCsl unit of the EMC. In view of the
enhanced light yield, the time resolution of the EMC
could be even better. For muons or charged hadrons
that penetrate the EMC without shower, the deposited
energy is about 100 MeV, and hence the EMC time reso-
lution for these particles would be about 300 ps. If either
charged or neutral hadrons produced shower in the
EMC, the time resolution for these particles may be
subject to the uncertainty of the shower starting point.

Impact of upstream materials

Before arriving at the EMC, photons have a certain
probability of interacting with the beam pipe or other
subdetectors in front of the EMC. To study the influence
of the upstream materials on the performance of the
EMC, materials with different thicknesses are added in

front of the EMC, and the resulting EMC performance
is compared. Four cases of radiation length for materials
in front of the EMC, 23% X, 27% Xo, 31% X, and 35%
X, are considered. The equivalent mass of aluminum is
placed at the RICH detector position, about 10 cm in
front of the EMC. The simulated energy resolution is
shown in Fig. 3.79, and the energy resolution changes
from 2.25% to 2.36%. The photon detection efficiency
curve is shown in Fig. 3.80, and it can be seen that in
the low energy region, below 1 GeV, with additional
material, the detection efficiency decreases significantly,
and the impact is found to be very small in the higher
energy region.

For the baseline design of the STCF detector system,
the radiation length of each subdetector in front of the
EMC is studied via simulation, as shown in Fig. 3.81. In
the barrel, the total radiation length is about 0.3X,,
while in the endcap, the radiation length can reach 0.8X,,
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Fig. 3.78 (a) The time resoluiton of 100 MeV gamma rays and (b) time resolution curve.

which is mainly contributed by the MDC. To evaluate
the effect of upstream materials, a GEANT4 simulation
study is carried out to preliminarily study the energy
resolution of the EMC under the existing structural
design. A full STCF detector simulation is performed,
and the performance of the EMC is compared to that of
an EMC-only simulation. The results are shown in Fig.
3.82. Figure 3.82(a) shows that upstream materials have
little effect on the energy resolution of the EMC when
considering only the barrel EMC. Figure 3.82(b) shows
the energy resolution at different polar angles of incident
photon with an energy of 1 GeV. In the endcap region,
due to material effects of inner subdetectors, the
expected energy resolution decreases from about 2.5% to
about 3.0%. The significant degradation of the energy
resolution around 6 = 10° and 6 = 60° is due to the large
energy leakage at the transition region of the barrel and
the endcap.

3.8.4  Pileup mitigation

Challenges of high background

In Section 3.8.3, when studying the expected performance
of the EMC, the background contribution is normally

not considered in the simulation. The photon reconstruc-
tion is based on a simple clustering algorithm used in
BESIII. The reconstruction algorithm searches the
related crystals in a shower, adds their energies together,
and calculates the hit position.

Considering the high background at the STCF, the
EMC background is studied by Monte Carlo simulation.
The simulated background energy distribution of the
EMC is shown in Fig. 3.83(a). Figure 3.83(b) shows the
background counting rate at each position of the
calorimeter (with a threshold value of 1 MeV). The
background counting rate is close to about 1 MHz. This
result is consistent with the simulation data shown in
Table 3.6, which uses a 0.5 MeV threshold.

Such a high background counting rate has a great
impact on the energy measurement of the calorimeter.
As shown in Fig. 3.84, the energy spectrum of the
1 GeV gamma-ray is reconstructed without and with
considering the background. The results show that the
energy resolution values are 2.15% and 5.05%, respec-
tively. After the background is introduced, the energy
resolution is degraded by more than a factor of two.

Waveform fitting

To correct the uncertainty of the energy measurement
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Fig. 3.80 The reconstruction efficiency curve of the EMC
with upstream materials.

caused by a high intensity background, one feasible
scheme is to reconstruct the amplitude and time infor-
mation by using a waveform fitting algorithm; this was
used in the electromagnetic calorimeter of the CMS
experiment at the LHC [440]. The CMS template fitting
technique, named “multifit”, was motivated by the
reduction of the LHC bunch spacing from 50 to 25 ns
and by the higher instantaneous luminosity of Run II,
which led to a substantial increase in both the in-time
and out-of-time pileup, where the latter refers to the

STCF CDR

. MDI
[ TK
EMDC
I PID

60 80
a1°]

Fig. 3.81 The radiation length of the inner subdetectors in
front of the EMC.

overlapping signals from neighboring bunch crossings. It
has been demonstrated by CMS that, with the multifit
method, the contribution of out-of-time pileup to the
signal reconstruction is found to be negligible, both in
data and in simulated samples. The energy resolution
and response are improved with respect to those of the
Run I method where the amplitude is reconstructed as a
weighted sum of the ten digitized samples.

For the STCF EMC, considering the design parameters
of the readout circuit (see Section 3.8.5), the total width
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Fig. 3.84 The EMC energy response for 1 GeV photons (a)
simulation.

of the signal after shaping is about 500 ns, and the leading
edge is about 50 ns. To sample the leading edge and
consider that the total amount of data is controllable,
we use a sampling rate of 40 MHz as the baseline design
here. In the multiwaveform fitting algorithm, the time
window of the waveform fitting is set to 1000 ns
(-250 ns —750 ns, and the signal start time is set to 0 ns).

(b)
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without background and (b) with background included in the

The pulse template, p;, for both the signal and the back-
ground is built by convoluting the pCsI fluorescence
signal with the CSA impulse response function. The
total template, P is shown in Eq. (3.17); this template is
an overlay of the signal template and the background
template but shifted in time, in which the normalizations
are free parameters (A;). The total template is then used
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region.

to fit the waveform readout by the electronics. Referring
to the CMS multifit method, N =40 templates with a
repetition period of 12.5 ns (CMS uses 25 ns, half of
which is temporarily taken here) are used to fit our
results. Starting at —250 ns, one template is placed every
12.5 ns, and a total of 40 templates are used for a multi-
template fitting,

N
3=0

A set of toy events are generated to test the performance
of the multiwaveform fitting. In Fig. 3.85(a), the dotted
green curve is the superposition of the signal and back-
ground spectra of one simulated event. The signal peak
is around 120 ns (the integration time is set as 40 ns),
and the rest represent the backgrounds. The background
event rate is assumed to be ~MHz, and the energy is
obtained by sampling according to Fig. 3.83(a). Because
of the background, the peak value of the spectrum is
larger than the real value. With multiwaveform fitting,

(3.17)

the original energy can be reconstructed more precisely.
Additionally as shown in Fig. 3.85(a), the red curve
represents the signal template, and blue represents the
fitting results of the background templates. Figure
3.85(b) shows the energy resolution of 1 GeV gamma-
ray events, obtained by multiwaveform fitting. The
result is 2.47%, which is 50% better than that without
waveform fitting. This result is close to the result without
considering the background.

Figure 3.86(a) shows the EMC energy resolution curve
from the GEANT4 simulation for photons reconstructed
in the barrel only. The expected energy resolution is
compared for three scenarios: the traditional clustering
reconstruction algorithm without the influence of back-
ground, that with the influence of the background, and
the multifit method with the background included. The
result shows that the pileup background has a significant
impact on the energy resolution, especially in the low
energy region (< 100 MeV), and the energy resolution
changes from ~4.6% to ~22% at the energy of 100 MeV
when the background effect is included. With increasing
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Fig. 3.87 The structure of CSA-based readout electronics.
energy, the impact of the background gradually is needed and the precision should be better than 200 ps

decreases, which is mainly due to the relatively low
energy of the background. By wusing the waveform
sampling and fitting method, the energy resolution is
greatly improved, from ~22% to ~5.2%, which is close to
the result without considering the background. The
result for the endcap, which suffers from an even higher
pileup background of about 10 MHz, is shown in Fig.
3.86(b). Even for a 10 MHz background rate, the multi-
waveform fitting method works well and can greatly
improve the energy resolution.

3.8.5  Readout electronics

The electronics system of the EMC provides the photon
detector signal readout, analog-to-digital conversion and
data acquisition. According to the physics requirements
and detector characteristics, some demands placed to
the electronics system, which are listed below:

e The energy deposition on each crystal ranges from
2.5 MeV to 2500 MeV. Considering that the light yield
of pCsl is about 100 p.e./MeV and the gain of the
photodetector is about 50, the dynamic range of each
electronics channel should range from 2 fC to 2000 {C.

e The high luminosity of the STCF results in a high
event rate in the detector. It is estimated that the event
rate in the barrel can reach as high as hundreds kHz,
and it can be even higher in the endcap. Therefore, the
deadtime of the readout system should be shorter than
1 ps.

¢ In addition to energy measurement, time measurement

at 1 GeV.

According to the requirements discussed above, a
charge-sensitive amplifier (CSA) based design is
proposed. The structure of the CSA-based readout elec-
tronics is shown in Fig. 3.87, and it mainly consists of a
front—end board (FEB) and a back-end board (BEB).
The FEB is placed at the outer end of a pCsl crystal
with 4 APDs on it to receive the fluorescence light.
Multiple APDs are used to improve the light yield and
the system robustness. On the other side of the FEB, 4
CSAs read out the signals of 4 APDs. Then, the outputs
of the CSAs are added by two adders, providing in a
dual-gain (high/low) outputs. One BEB can connect
several FEBs via cables. The BEB provides power and
high voltage to FEBs and obtains high-gain and low-
gain signals from FEBs. Signals pass through the CR-
RC? shaping circuits and are then digitized by ADCs on
the BEB. In addition, there is one comparator corre-
sponding to each channel that can compare the input
signal with the threshold and generate a hit for the
FPGA-TDC for time measurement. All data produced
by the ADCs and the FPGA-TDCs are aggregated,
packaged and transmitted by the FPGA. Considering
the high event rate, we use the waveform sampling readout
method to suppress the high background. The waveform
sampling can retain the original waveform information,
which is also mnecessary for the waveform fitting
mentioned in the previous background study.

Due to the relatively large size (~ 6.5 x 6.5 cm) of the
crystal end, it is favorable to couple the APD with a
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Fig. 3.88 The pCsl crystal for the EMC.

large sensitive area to improve the light yield. Presently,
there are only a few commercial models with large areas
available. The HAMAMATSU company mainly provides
two models: S8664-55 (effective area of 5 mm x 5 mm)
and S8664-1010 (effective area of 10 mm x 10 mm).

386 EMCR&D

pCsl crystal

To understand the properties of the pCsl crystal, relevant
tests are carried out in the laboratory. The crystals, as
shown in Fig. 3.88, are produced at the Shanghai Institute
of Ceramics, Chinese Academy of Sciences (SIC CAS).
The wavelength of emission spectrum spreads from
~260 nm to ~700 nm, with its main component around
310 nm accounting for ~3/4 of the total light intensity.

Reflective material

The efficiency of light collection is an important factor
in achieving a high-precision energy resolution in crystal
calorimeters. Since the fluorescence emitted by pCsl is
mainly in the ultraviolet wavelength range (about 310
nm) and is very easily to be absorbed. Considering the
excellent reflection coefficient of Teflon, which is basically
independent of the wavelength, we chose Teflon with a
thickness of 300 um to package the crystal.

Cosmic ray test

The performance of the sensitive unit (pCsl + APD)
is tested with the cosmic rays. A typical-sized pCsl crystal
is coupled with four APDs. In the test, the crystal is
wrapped with three layers of BC642 material. Two large-
area APD models from HAMAMATSU are used, S8664-
55 and S8664-1010, with sensitive areas of 5 mm X
5 mm and 10 mm x 10 mm, respectively. The APD is
coupled with silicone (EJ-550,310 nm wavelength trans-
mission is greater than 90%) at the back end of the crys-
tal. The deposition energy of Minimum lonization Particles
(MIPs, p) passing through the pCsl crystal is about 30
MeV. The results are shown in Fig. 3.89. The light yield
of pCsl is calculated to be 54 p.e./MeV (with S8664-55
APD) and 156 p.e./MeV (with S8664-1010 APD).

Readout electronics

A prototype readout out electronics system for the
CSA-based method, described in Section 3.8.5, has been
implemented, as shown in Fig. 3.90. The dynamic range
and noise performance is studied based on a CSA with a
3-JFET as the input stage with different APDs: Hama-
matsu S8664-0505 and S8664-1010.

The electronic noise of the readout system with two
types of APDs at different shaping times is measured,
with an APD gain of 50. Type S8664-1010, which
creates twice as much noise as S8664-0505, achieves
similar performance considering the size of the area. The
detailed experimental results are shown in Fig. 3.91. The
noise of S8664-1010 is lower than 0.4 fC when the shaping
time is 100 ns, which means the noise performance
would be better than 0.8 fC when using 4 APDs and 4
CSAs. The equivalent noise energy is 1 MeV when the
light yield reaches 100 p.e./MeV.

Given that the upper limit of the charge measurement
of the high-gain channel is 120 fC, the dynamic range of
the high-gain channel can cover the range of 3 MeV (2.4
fC, 3 times noise)-150 MeV (120 fC). Considering that
the gain ratio of the high- and low-gain channels is 20
and the low-gain noise is close to 2 fC, the dynamic
range of the low-gain channel is 10 MeV (6 fC, 3 times
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10°4
103_
2 10°4 2
@] Q
104 104
| HHW (s : 144
R |1 I g 1|
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 0 2000 4000 6000 8000 10000 12000 14000 16000 18000
ADC Counts ADC Counts
Fig. 3.89 The energy deposition of MIPs. (a) S8664-55 result and (b) S8664-1010 result.
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Fig. 3.90 Prototype electronics of the CSA-based method (FEE on the left and BEU on the right).
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Fig. 3.91 Noise of the readout system at different shaping
times.

Table 3.18 The dynamic range of EMC.

Channel Low limit (MeV) High limit (MeV)
High gain 3 150
Low gain 10 3000

noise)-3000 MeV (2400 fC). The dynamic range that
can be realized by this dual gain design is shown in
Table 3.18.

In summary, the conceptual design of the electronics
can meet the requirements of the STCF calorimeter in
terms of noise, dynamic range and time resolution.

3.8.7

Summary

The baseline design of the STCF EMC adopts a pCsl
crystal scintillator coupled with large area APDs, and a
charge-sensitive readout scheme is chosen for the readout
electronics. The preliminary Monte Carlo simulation and
experimental test results show that the conceptual
designs can meet the requirements of the STCF. Extensive

R&D works are underway to verify the designs and the
key technical aspects.

3.9  Muon detector (MUD)

3.9.1 Introduction

The muon detector (MUD), as the outermost part of the
STCF detector system, is used to provide muon identifi-
cation in the presence of a significant pion background.
It can also be used for neutral hadron identification to
complement the EMC identification, for example, of
neutrons and Ky. An MUD usually has a sandwich-like
structure that consists of a hadron absorber and a detector
array. Multiple layers of steel plates are used as both the
magnetic flux return yoke and the hadron absorber. The
muon detection array is inserted into the gap of these
hadron absorbers.

Performance requirements

For the STCF MUD, a high detection efficiency of
muons and a good suppression power for muons/pions
are the main requirements [441]. The momenta of the
final state p and = produced at the STCF are mostly
below 2.0 GeV/¢, as shown in Section 3.1. Because of
the EMC and solenoid material preceding the MUD,
muons with momenta less than 0.4 GeV/c¢ cannot be
detected by the MUD. In contrast, muons with low
momenta can be identified well by the PID system, as
introduced in Section 3.6. According to the physics
requirements, in the momentum range of p > 0.7 GeV/c,
the ideal muon detection efficiency should be higher
than 95%; in the range of 0.5 < p < 0.7 GeV/¢, the muon
detection efficiency should be higher than 70%, with the
muon/hadron suppression power being better than 30.

Additionally, the identification of neutral hadrons
with sufficiently high detection efficiency is important
for STCF physics, especially for particles with momenta
in the range of [0.2, 1.2] GeV/c. The probability of
obtaining a hadronic shower in the EMC or MUD for
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neutronsor Ki,5isquite high, generating a high multiplicity
of photons, neutrons, protons and other hadrons. Thus,
a detector array with good photon and neutron sensitivity
is required.

For the STCF, with a luminosity of 1 x 1035 cm 25!,
the MUD receives a nonnegligible background contribution
dominated by neutrons with an energy of [10, 100] keV
[442, 443]. This background may cause more hits in the
MUD, which may affect the track finding and identification
efficiency of muons. Thus, the MUD must tolerate the
very high background rate of the STCF [444, 445]. In
addition, the low energy photon and neutron background
may cause significant contamination in the identification
of neutral hadrons [446]. As mentioned in Section 3.2,
the simulated highest background level is approximately
3.99 Hz/cm? and 265 Hz/cm? for barrel and endcap
MUD, respectively. As a consequence, optimization of
the detector layout to high-rate capabilities and excellent
background suppression power is important in the MUD
design.

Technology choices

In particle physics experiments, the resistive plate
chamber (RPC) and the plastic scintillator are among
the most widely used detector technologies for the detection
of muon particles.

A RPC is a traditional option for large-area muon
detection with centimeter-level spatial resolution [447],
and has been used in many experiments as the MUD,
such as ATLAS [448], BaBar [449], Belle [450], STAR
[451], BESIII [452], and Daya Bay [453]. RPCs are
robust and low cost for large detection areas and have
simple manufacturing and maintenance processes. In
addition, their centimeter-level spatial resolution can
satisfy the demand of particle detection with an area of
hundreds of square meters. A Bakelite-RPC, which oper-
ates in the avalanche mode, has count rate capabilities
over 1 kHz/cm?, and it also offers the advantage of low
background sensitivity. Thus, Bakelite-RPC is chosen as
a candidate for the STCF MUD.

A plastic scintillator with a silicon photo-multiplier
(SiPM) is also a choice for the MUD. In the Belle II
experiment, a combination of polystyrene scintillator
strips, wavelength shifting fibers and SiPM was selected
as the upgrade of the K; and muon detector to replace
the low-count rate RPCs [454]. Compared with the
Bakelite-RPC, the plastic scintillator detector has a
much higher count rate and is more sensitive to photons
and neutrons, resulting in powerful neutral /hadron sepa-
ration. However, the plastic scintillator detector suffers
from higher background counts, leading to worse track-
finding and particle identification. As a result, the
design of the MUD should be optimized to achieve a
balance between the rate capabilities and the identification
of low-momentum muons. Consequently, a hybrid muon
detector design that combines a Bakelite-RPC with a

plastic scintillator is proposed for the STCEF. Details
regarding the design, optimization, and particle identifi-
cation performance are presented in the following.

3.9.2 MUD conceptual design

Detector layout

The baseline design of the MUD is a combination of a
Bakelite-RPC and plastic scintillator detector: 3 layers
of Bakelite-RPC are placed in the innermost part, and 7
layers of the plastic scintillator detector form the outer
layers.

Considering that the dominant background sources
are photons and neutrons, the usage of the Bakelite-
RPC in inner layers can decrease the background level
in the MUD and help to separate the charged particle
tracks and neutral particle shower signals. The plastic
scintillator detector is more sensitive to photon and
neutron particles, which are the main background
contributors to neutral hadron detection and identifica-
tion. The GEANT4 [455] simulation results indicate that
with the expected STCF background level described in
Section 3.2, the muon detection efficiency in the momentum
range of [0.4, 0.6] GeV/c decreases by 10%-20% if the
MUD detectors are all plastic scintillators compared
with that of the STCF MUD baseline design.

Figure 3.92 shows a schematic of the baseline design
of the MUD. The barrel MUD covers the solid angle of
79.2% x 47 (37.63° < 0 < 142.37°), and the endcap
MUD covers the solid angle of 14.8% x 4x (20° < 6 <
37.63° and 142.37° < ¢ < 160°). Both the barrel and
endcap MUD contain 10 layers of detectors, and the iron
yoke layout can be seen at Section 3.11.

In MUD, the width of the RPC X/Y readout strips
and the width of the plastic scintillator are both 4 cm.
The maximum length of the Bakelite-RPC module is
approximately 1.1 m, and the maximum length of the
plastic scintillator strip is 2.4 m [454]. As shown in Fig.
3.93, each layer of barrel MUD consists of 8 rectangle
detector module. For Bakelite-RPC, the module is
divided into 5 sub-modules along z direction, and 2 sub-
modules along R ¢ direction to control the maximum
length of readout strips around 1.1 m. In each sub-
module, the 2-D readout strips are perpendicularly
arranged. For plastic scintillator, the axis of the scintillator
strip is perpendicular to the z direction. Each layer of
the endcap MUD consists of 8 trapezoidal modules. For
both Bakelite-RPC and plastic scintillator, the module
has 60 strips in R¢ direction, and 49 to 43 strips in R
direction, due to the increase of the inner radius.

Neutron shield and cylindrical yoke component

Previous studies by Belle II indicated that the detector
system was affected by the neutron background generated
by the GeV level electrons and positrons that escape
from the beam background [445]. To suppress the effect
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Fig. 3.92 Schematic of the MUD design. (a) Half-section
view of the MUD, and partial enlarged view of the sandwich
placement of the Bakelite-RPC, plastic scintillator, and iron
yoke. (b) Cutaway view of the MUD and the setting of the
main structural parameters.

of the neutron background, the outer face of the endcap
MUD is covered by a 15 c¢cm neutron shielding layer, as
shown in Fig. 3.92. The outer layer of the neutron
shielding is 5 cm lead, and the inner layer is 10 cm
boron-doped polyethylene (10%wt of nat-boron). Lead
can moderate fast neutrons to an energy of approximately
1 MeV, and boron-doped polyethylene can moderate
neutrons to the thermal neutron level. Neutrons with

(a) Barrel
Bakelite-RPC module

R

<

Max: ~2 m

Barrel
scintillator layout

energies less than 1 eV have a large probability of being
absorbed by the boron atoms. A GEANT4 simulation
demonstrated that the 15 cm-thick composite neutron
shielding could decrease the MUD hits by approximately
90% for neutrons with a kinetic energy less than 1 MeV.

A cylindrical yoke component is arranged between the
beamline and endcap MUD detector array, which is
designed to make the magnet field uniform in the STCF
detector system. The thickness of this cylindrical yoke is
approximately 40-45 cm. GEANT4 simulations indicate
that the yoke provides background suppression capabilities
similar to those of composite shielding.

MUD optimization

The thickness of the iron yoke and the number of
detector layers are optimized via a simulation study,
and the detailed parameters are summarized in Table
3.19. Figure 3.94 illustrates the muon detection efficiency
curves for different detector layer settings and a yoke
with a thickness of 51 cm. In the simulation, 9 to 11
layers are applied and evaluated. The result indicates
that 10 or 11 detector layers can produce a higher and
smoother muon detection efficiency. Considering the
detector complexity and manufacturing costs, the MUD
baseline design incorporates 10 detector layers. It should
be noted that in the muon detection efficiency curves,
u/m suppression powers of both 33 and 100 are applied,
while the former is sufficient for most physics processes
containing muons at the STCF.

The arrangement of the Bakelite-RPC and plastic
scintillator in the ten layers affects the performance of
the MUD. On one hand, the plastic scintillator has
higher robustness and higher detection efficiency for
high-momentum muon. However, the GEANT4 simulation
indicates that the Bakelite-RPC exhibits better perfor-

(c) Endcap
Bakelite-RPC & scintillator
module layout

~24m

Fig. 3.93 Module layout of the MUD design. (a) Bakelite-RPC in barrel MUD. (b) Scintillator in barrel MUD. (c) Bake-

lite-RPC and scintillator in endcap MUD.
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Table 3.19 The structure parameters of the conceptual
baseline design of the MUD. R;, and R,,: are the inner and
outer radius of the barrel MUD, respectively, including the
15 cm-thick iron plate shielding outside the detector system.
R. is the inner radius of the endcap MUD. Lpggrre and
TEndcap are the length of the barrel and endcap MUD in the z-
direction, respectively. The size of neutron shielding layer is
not included.

Parameter Baseline design
Rin [cm] 185
Rout [cm] 291
R. [cm] 85
Lparrer [cm] 480
TEndcap [cm] 107
Segmentation in ¢ 8
Number of detector layers 10

4/4/4.5/4.5/6/6/6/8/8 cm
Total: 51 cm, 3.04)\
79.2% X 4m in barrel
14.8% x 4 in endcap
94% X 4m in total

Iron yoke thickness [cm]
(A=16.77 cm)
Solid angle

Total area [m?] Barrel ~717
Endcap ~520
Total ~1237
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Fig. 3.94 The muon detection efficiency curve from the
GEANT4 simulation. Efficiencies are compared with different
detector layer settings. The results for two scenarios of muon
/pion suppression power, 33 and 100, are shown.

mance in detecting low-momentum muons in the high-
background region of the MUD. Figure 3.95 shows the
GEANT4-simulated muon detection efficiency as a func-
tion of momentum for different MUD layouts at the full
STCF luminosity. The MUD designs with two-, three-,
or four-layer Bakelite-RPCs exhibit similar p/7 separation
power under the current luminosity and background
level. For the design with the two-layer Bakelite-RPC, a
high count rate and significant interference may occu in
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Fig. 3.95 The muon detection efficiency curves with
different combinations of Bakelite-RPC and plastic scintillator
in the MUD design along the direction of § = 90° and ¢ = 90°
(6: polar angle, ¢: azimuth angle) including the background.

the 3rd (plastic scintillator) layer due to the potential
fluctuations in the background level or the future
upgrades of the STCF. As a result, the hybrid MUD
design with the three-layer Bakelite-RPC and a seven-
layer plastic scintillator is considered the optimal choice.

The granularity is determined by the readout strip
pitch of the Bakelite-RPC and the size of the plastic
scintillator strips. Physical simulations of the measurement
precision for reconstructed muons indicate that a spatial
resolution of 1-2 c¢m is required in the MUD, equivalent
to a detector granularity of 3.5-7 cm. Figure 3.96
presents simulated muon detection efficiency curves with
different granularities, indicating similar particle detection
performances. As a smaller granularity implies additional
electronic channels, both the readout strip pitch of the
Bakelite-RPC and the width of the plastic scintillator
strips are chosen to be 4 cm.

3.9.3  Expected performance

To evaluate the expected performance of the MUD,
GEANT4-based full simulations are studied. The identi-
fication efficiency of muons and neutral hadrons is
obtained using boosted decision tree (BDT) algorithms.
The details of BDT algorithms can be found in Ref.
[456]. In the MUD, both the Bakelite-RPC and the plastic
scintillator have very high sensitivity to charged muons
and pions, and the required spatial resolution is within 2
cm, which can be ensured by the 4 cm detector granu-
larity.

Muon identification efficiency

Figure 3.97 shows the probability of a muon arriving
at the MUD as a function of the muon momentum. In

the simulation, the bin width is 50 MeV/c. The result
indicates that a muon with momentum between 400 and
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Fig. 3.96 GEANT4-simulated muon detection efficiency
with different granularities along the zenith direction.

450 MeV/c only has a probability of 0.68% of arriving
at the MUD. When the muon momentum reaches
550 MeV /¢, almost all of muons can generate signals in
the MUD.

Figure 3.98 shows the simulated muon detection effi-
ciency with a polar angle of 90 deg and with u/x
suppression power of 33 and 100. A significant increase
in the muon detection efficiency can be observed in the
momentum range of [0.65, 1.5] GeV/c¢ owing to a thicker
yoke and an optimized detector setting. This result indi-
cates that the muon detection efficiency curve of the
baseline design is smoother than that of the BESIII-like
MUD geometry. In the low momentum range [0.4-0.6]
GeV/c, the STCF MUD design exhibits a performance
similar to that of the BESIII geometry, ensuring an
acceptable muon detection efficiency. Figure 3.99 shows
the muon identification efficiency of the baseline design,
with the particle momentum in [0, 2.5] GeV/c¢ and polar
angle in [20°, 160°] considering a pion rejection rate of
97% and background influence.

Neutral hadron detection and identification

At the STCF, the MUD is set as an auxiliary neutral
hadron detector to complement the EMC. In this baseline
MUD design, the 3-layer Bakelite-RPC acts as a filter,
preventing too many secondary gamma and neutron hits
from being generated by background interference. The
GEANT4 simulation illustrates that approximately 40%
of the neutrons and K deposit a very small amount of
energy, less than 40 MeV, in the EMC. Thus, the MUD
is responsible for detecting them. Table 3.20 shows the
GEANT4 simulated cluster size of neutral hadrons in
the 7 layers of plastic scintillator detectors, and Fig.
3.100 presents the neutral hadron detection efficiency
curves with different fake rates. When a neutral hadron
cannot be detected by EMC directly, the MUD has a
quite high efficiency in terms of detection and identification
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Fig. 3.97 The probability that a muon arrives at the
MUD as a function of the muon momentum in the zenith
direction.
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Fig. 3.98 The muon detection efficiency curve from the
GEANT4 simulation, with a polar angle of 90 degrees.
Results for two scenarios of muon/pion suppression power,
33 and 100, are also shown.

of the hadron, demonstrating the excellent identification
power of the MUD for neutral hadrons.

Background simulation

Table 3.21 shows the background count rate in the
barrel MUD, calculated based on the STCF full
GEANT4 simulations. The background estimation
demonstrates that the rate capabilities of both the
barrel and endcap MUD detectors can meet the require-
ments. For good neutral hadron detection performance,
the usage of a plastic scintillator in the MUD is neces-
sary. The simulation result indicates that with the
compound detector design of the MUD, the first layer of
the Bakelite-RPC and the first layer of the plastic scin-
tillator have background count rates with the same
order of magnitude, ensuring minimal background inter-
ference over the whole MUD detector volume. In this
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Fig. 3.99 2D map of the muon identification efficiency as a function of the momentum and the ¢ angle from GEANT4

simulation. The p/m suppression power is assumed to be 33.

Table 3.20 The GEANT4 simulated neutron and K, cluster parameters in plastic scintillator detector layers.

Neutron

Kr

Average cluster size in scintillators

Probability of cluster

Average cluster size in scintillators Probability of cluster

size >2 size >2
200 MeV/c 2.42 5% 4.42 32%
400 MeV/c 4.07 31% 6.48 50%
600 MeV/c 5.57 49% 7.88 68%
800 MeV/c 7.23 66% 9.20 74%
1000 MeV/c 8.31 74% 8.96 76%
1200 MeV/c 9.03 79% 11.18 84%
Table 3.21 The GEANT4 simulated barrel MUD background count rate.

Detector type Bakelite-RPC Plastic scintillator

Detector layer 1 2 3 4 5 6 7 8 9 10
Simulated background count rate in the barrel (Hz/cm?) 9.2 3.54 142 425 6.50 280 1.77 0.76 0.39 0.36

Neutral hadron identification ability
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Fig. 3.100 The detection efficiency curves of various
neutral hadrons in the MUD (notice: all of these neutral
hadrons deposit less than 40 MeV energy in the EMC).

case, a higher accuracy of identification for both muons/

pions and neutral hadrons can be obtained. The background

level in the endcap MUD is almost 2 to 3 times that in
the barrel MUD, indicating the necessity of a background
shield on the outer surface of the endcap MUD.

As shown in Tables 3.6 and 3.7, the highest TID and
NIEL damage values in the MUD are 0.37 Gy/y and
2.79 x 10'2 n/y, respectively. Good working conditions
can be maintained in the Bakelite-RPC by flushing the
working gas. Other studies indicate that the plastic scin-
tillator can tolerate more than 1000 Gy [457, 458], indi-
cating that the MUD detector system can work well
under background radiation for decades.

Readout design

In the MUD conceptual design, a 3-layer Bakelite-
RPC and 7-layer plastic scintillator are used. The plastic
scintillator strips in the barrel are double-ended readouts,
and those in the endcap are single-ended readouts. The
numbers of readout channels in the MUD are estimated
in Table 3.22, with a total number of readout channels
of 16000 for the Bakelite-RPC and 25280 for the plastic

M. Achasov, et al., Front. Phys. 19(1), 14701 (2024)
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Table 3.22 The estimated readout channel requirement in the MUD conceptual design.
D(letector Half—length E;gte}ll Iilslfz_ MUD channel Chann.el 1“1;1131111?11; Endcap outer MUD channel Chanqel
ayer in X (cm) (cm) number in X number in Z (cm) radius (cm) number in X number in Z
Bakelite-RPC 1 76.6 240 1535 1920 94 290 960 784
2 79.9 240 1600 1920 94 290 960 784
3 83.3 240 1670 1920 98 290 960 768
Plastic 4 86.8 240 0 1920 98 290 960 768
scintillator g 90.3 240 0 1920 102 290 960 752
6 94.4 240 0 1920 102 290 960 752
7 98.6 240 0 1920 106 290 960 736
8 102.7 240 0 1920 110 290 960 720
9 107.7 240 0 1920 114 290 960 704
10 112.7 240 0 1920 118 290 960 688

scintillator, considering a 4 cm granularity in the detec-
tor.

In the MUD, the signal position information can be
obtained by the number of channels, so it is only necessary
to record the time information of signals whose amplitude
exceeds the threshold for particle discrimination. For the
Bakelite-RPC in avalanche mode, the front—end electronics
are required to achieve an effective gain of 10-fold and a
pulse time width of 50 ns. Considering that the count
rate of the MUD is not high, an ordinary charge-sensitive
amplifier and an integral shaping circuit can satisfy the
requirements. For the plastic scintillator, a SiPM is used
as an electron multiplier. With 5 p.e. thresholds, the
noise rate can be controlled within 1 kHz, and the
measurement efficiency of MIP could exceed 99%. This
can meet our needs. Additionally, in the barrel-MUD, a
double-ended readout is required to determine the hit
position, which requires a time resolution of approximately
0.5 ns. Using the waveform sampling method, a 0.25 ns
time resolution can be achieved, and we are still studying
a lower-cost implementation for the barrel-MUD.

According to the background simulation results, the
highest count rate per channel in the barrel MUD
appears in the first layer of the Bakelite-RPC, with an
average count rate of 4 Hz/cm? The corresponding
Bakelite-RPC readout strip has a size of 1.1 m x 4 cm,
leading to the highest count rate of 1.76 kHz. The highest
count rate per channel in the endcap MUD is in the first
layer of the plastic scintillator close to the MDI, which
is approximately 102 Hz/cm? With the longest scintillator
strip (2.4 m x 4 cm), the highest count rate per channel
is calculated to be 98 kHz.

In the reconstruction of tracks and clusters in MUDs,
the position information of hits can be reconstructed by
the number of readout channels or strips; thus, only the
hit-time information should be transported from the
detector to the data storage system, corresponding to 4
bytes/signal (16 bits for time information, 12 bits for the
channel number, 4 bits for quality). Considering the
background level of the MUD and the 300 ns time
window, the data stream size is approximately 105 MB/

s for the MUD system.

3.9.4  Conclusion and outlook

The conceptual baseline design of the MUD is a combi-
nation of Bakelite-based RPC and plastic scintillator
detectors. This design can improve the neutral hadron
identification efficiency with the proper u/z separation
capabilities. Detailed detector technologies and further
optimization will be studied in the future, such as the
optimization of the muon/pion identification algorithm,
the detection and identification of neutral hadrons, and
R&D of MUD detectors.

3.10  Superconducting Solenoid (Solenoid)

The STCF detector magnet is a superconducting
solenoid coil which is surrounded by iron yoke to
provide an axial magnetic field of 1.0 Tesla over the
tracking volume. Particle detectors within this volume
will measure the trajectories of charged tracks emerging
from the collisions. Particle momentum is determined
from the measured curvature of these tracks in the field.

The main parameters of the STCF detector supercon-
ducting magnet are listed in Table 3.23. Its room
temperature bore diameter is approximately 2.98 m. The
conceptual design of the magnet, including the design of
the magnetic field, solenoid coil, cryogenics, quench
protection, power supply and the iron Yoke are briefly
described in this section.

3.10.1  Magnetic field design

The STCF detector magnet will comprise the design
concepts similar to TOPAZ magnet in Tristan and CMS
magnet in LHC [439, 459, 460 ]. The magnet system
consists of the superconducting coil and the iron yoke
with a barrel yoke and two end-cap yokes. The super-
conducting coil is designed as a single layer solenoid
wound on the inner surface of an aluminum cylinder. It
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Table 3.23 Main parameters of the STCF detector super-
conducting magnet.

Cryostat
Inner radius 1.450 m
Outer radius 1.850 m
Length 4.760 m
Coil
Mean radius 1.565 m
Length 4.000 m

Conductor dimension 4.67 x 15.0 mm?

Electrical parameters

Central field 10T
Nominal current 3820 A
Inductance 1.68 H
Stored energy 12.3 MJ
Cold mass 4.6 ton
Radiation thickness 1.9 X,
Cool down time from room temperature <7 days
Quench recovery time <7 hours

will run in an operating current 3820 A which corresponding
to 1 T magnetic field at the interaction point. The

presented in Fig. 3.103(b). The uniformity in the tracking
volume is approximately 2%. The fringe field remains at
50 Gauss at a distance of 5.1 m from the IP. It decreases
sharply to less than 50 Gauss with the addition of some
iron material to the gap between the barrel yoke and
end yoke.

3.10.2  Solenoid coil design

By referring to similar magnets in other HEP laborato-
ries, we decide to adopt a single layer of coil, indirect
cooling by liquid helium, a pure aluminum-based stabilizer
and a NbTi/Cu superconductor in the STCF supercon-
ducting magnet. The overall dimensions of the magnet
should be a length of 4.76 m, with an inner diameter of
2.9 m and an outer diameter of 3.7 m; the coil effective
length is 4.0 m, and the coil mean diameter is 3.13 m.

Assuming the nominal current as I = 4000 A, B, =
uonl, and By = 1 T, the number of turns in a 1 m long
coil should be n = 208, and the width of the cable should
be 4.67 mm. In total, 832 turns should be needed. The
energy stored by the solenoid is

geometrical layout of magnet are shown in Fig. 3.101. E— (1 ) V= l B? .S
The magnetic field simulation has been calculated in 2 o
2D FEA model, with a fine structure of the barrel Yokes 1 B2 nD?
and end-cap Yokes with pole tips at each end side. The 9 % RV [ =123 MJ. (3.18)
iron yoke act as the absorber plates of the MUD and
provide the magnetic flux return. There are two main The inductance can be derived as follows:
field parameters concerned, one is the uniformity in the 2
tracking volume, and the other is the fringe field along ®=B-S-n=2D -n = 6274.5 W B, (3.19)
the beam axis outside the detector.
Fig. 3.102 shows the magnetic field flux of the magnet. 4 a7
The distribution of the magnetic field along the beam @ =L (3.20)
line is shown in Fig. 3.103(a), and the field uniformity is
Bl caps Barrel yoke Unit: mm
e, s
|/_\ 2210
1890
1550
Cryostat \ Solenoid s
W 1100
900
800
700
' N\
3470 2400 2]40 0 2000 2380

Endcap iorn yoke thickness (from inner to outer): 240, 40, 40, 40, 45, 45, 60, 60, 60, 80, 80,120
Barrel iron yoke thickness (from inner to outer): 40, 40, 45, 45, 60, 60, 60, 80, 80, 150

Gap between iron yokes: 40

Fig. 3.101 2D geometrical layout of the STCF detector magnet, which consists of a superconducting coil and an iron yoke

with a barrel yoke and two end-cap yokes.
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Fig. 3.102 Flux of the magnetic field.

L= (3.21)

I 9
which gives L = 1.68 H.

From the limitation of the maximum temperature rise
of 70 K after quenching, the enthalpy difference of the
cable material can be obtained, and the height of the
superconductor should be 15 mm.

To address the hoop stress, an aluminum cylinder is
necessary; material A5083, which is good for welding
and has high mechanical strength, is used; this cylinder
is the primary structural component of the cold mass,
and coolant is supplied through tubes attached to the
outer surface of the restraining hoop cylinder. This elim-
inates the large cryogen inventory and thick cryostat
necessary for cooled coils. The conductor is cooled by
thermal conduction through the thickness of the hoop
restraint. Two coaxial aluminum cylinders with close

(a) 1.001
0.902
0.802
0.702
0.602
0.502
0.402

(b)

[T]

0.302
0.202

Axial magnetic induction density

0.102
0.002

0 08 16 24 32 40 48 56 64 72 80
R distance [m]

0.939339

endplates cooled by liquid nitrogen act as the radiation
heat shield.

From calculations, the thickness of this support cylinder
should be 18 mm. After cooling-down and stimulating,
the maximum equivalent stress on the support cylinder
is 23.9 MPa. The equivalent stress distribution in the
coil is shown in Fig. 3.104, and the peak stress is 58.8
MPa. The total weight of the cold mass is 4.6 tons,
including the cable, the support cylinder, the end flange
and the cooling tube. Figure 3.105 shows the conceptual
structure layout of the solenoid magnet.

The superconducting conductor is composed of NbTi/
Cu (1:1) Rutherford cable and a high purity (> 99.99%,
RRR > 500) pure aluminum stabilizer. The Rutherford
cable contains 16 NbTi strands. The Main parameters of
the superconducting conductor are listed in Table 3.24.
The cross section of the superconductor is shown in Fig.
3.106, and the superconducting wire is located in the
center of the aluminum stabilizer. With this configura-
tion, the coil temperature could be kept below 70 K
after quenching at operating current.

The coil windings are wound by the inner winding
technique with the aluminum-alloy cylinder support,
which acts as an external supporting mandrel and
removes part of the heat energy induced by quenching.
To maintain the operating temperature of the detector
magnet, the cooling tubes for the circular flow of liquid
helium are welded on the outer surface of the aluminum-
alloy cylinder.

The titanium tie rods will be used for the coil suspension
system and provide axial and radial fixation, to ensure
the precise and rigid suspension of the cold mass inside
the vacuum vessel. The loads to be supported are the
self weight of the cold mass and the magnetic forces due
to the decentering and misalignment of the coil with
respect to the return yoke. The design must also take
into count the contraction of the coil during cooling and
its deformation under magnetic forces, with enough

0.956374

0.97341
0.964892

0.990445

1 8
0.947857 0.981927 0.998963 1.016

Fig. 3.103 (a) B, as a function of z along the beam axis. (b) The field uniformity in the tracking area.
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Fig. 3.104 The equivalent stress distribution in the coil.
Vacuum vessel: stainless steel Table 3.24 Main parameters of the superconducting
f conductor.
Thermal shield: aluminum
Rated current 3820 A
) Critical current at 4.2 K & 2 T >15000 A
E Lhe pipe Conductor length 9.15 km
= Cable dimension 4.67 mm X 15 mm
o

= - 1 -
™\ Cable: NbTi/Cu Rutherford cable

Insulation

Fig. 3.105 Conceptual structure layout of the solenoid.

strengths and smallest heat conducting. 8 vertical rods
are used to counteract the electromagnetic and cold
shrinkage forces, and the diameter of the rods is
designed to be 25 mm.

3.10.3  Tron yoke design

The iron yoke has three functions. First, it provides a
magnetic flux return path to shield the leaked field.
Second, it is used as the absorber material for the muon
detector, which is sandwiched between the multilayer
iron plates. Finally, it is the mechanical support structure
of the overall detector. Therefore, a high permeability
material with high mechanical strength is required for
the yoke material to account for the mechanical and
magnetic field performance. Low-carbon steel is chosen
for the yoke based on its magnetic properties. However,
this material has relatively low strength. Thus, a
balance between good magnetic properties and moderate
strength must be achieved. The yoke is divided into two
main components, one barrel yoke and two end-cap
yokes. A detailed design would include data cables, cooling
pipes, and gas pipes passing through the yoke from the

Rutherford cable parameters

Number of strands 16
Cable transposition pitch 100 £ 5 mm
Cu:NbTi 1:1
NbTi filament diameter 30 £ 5 um
Number of filaments >600
N value@2T >35
Aluminum stabilizer parameters
RRRQOT, 4.2K >500
Yield strength@4.2K >60 MPa
Impurity content >1000 ppm
Cross-section ratio of aluminum >80%
o on
< =
= =
T T
3 g
e 154+0.05 e

e

NSRS
i 1

\’/11

Fig. 3.106 Cross-sectional view of the superconductor for
the STCF detector magnet.

Prona
——am —

inner detectors. The total weight of the iron yoke assembly
is approximately 800 tons. Figure 3.107 shows the iron

yoke configuration with the main dimensions.
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Fig. 3.107 Configuration of the iron yoke with pole tips for the STCF detector.

The barrel yoke is an octagonal-shaped structure with
a length of 4760 mm. The outer and inner heights of the
octagon are 5820 mm and 3760 mm, respectively. The
barrel yoke supports the magnet cryostat. The inner
vacuum vessels of the cryostat host inner detectors. The
barrel yoke is subdivided into 10 layers, with 40 mm
gaps between the layers for the muon detector. The end-
cap yoke also consists of 11 layers of steel plates. Used
as the end door of the detector, it is designed to slide
apart to provide an opening for access to the inner
detectors. The end-cap muon chambers are mounted in
the 4 cm gap between the vertical end-cap yoke disks
and are normally inaccessible. The details can be found
in Section 3.11.

3.104  Quench protection and power supply

The protection of the solenoid is based on the classical
concept of the extraction of stored energy by an external
resistor. Approximately 12 MJ of energy is stored in the
magnet. Selected voltage signals from the STCF detector
magnet coil and power leads are monitored by a special
quench detection device. If a quench occurs, the power
supply is switched off, and a dump resistor is switched
into the electrical circuit; the large stored energy is
extracted mainly by the dump resistor and partially by
the coil itself. The value of the dump resistor limits the
maximum voltage across the solenoid terminals. A 0.1
Ohms dump resistor is mounted in parallel to the break-
ers, which are doubled for safety. As the operating
current is approximately 3820 A, the maximum voltage
is 382 V with respect to ground. The power supply is

designed to operate with 10 V and 4000 A, with a
current stability of less than 10 ppm within 8 hours, a
current ripple of less than 10 ppm and an accuracy of 20
ppm. The repeatability should reach 10 ppm.

3.10.5  Magnet cryogenics

Solenoid cryogenics cooling is based on the thermosiphon
cooling method, where the superconducting coil is indirectly
cooled with saturated liquid helium. The thermosiphon
circuit consists of a helium phase separator located in an
elevated position and cooling tubes. A horizontal cryostat
is designed, including a vacuum tank, an inner thermal
shield, and an outer thermal shield. The stainless steel
vacuum vessel is a cylinder with a length of 4.76 m. The
thickness of the inner wall, outer wall, and endplates is 6
mm, 16 mm, and 32 mm, respectively. Figure 3.108
presents the vacuum vessel stress and deformation near
the endplate, indicating a 41.80 MPa stress and 0.23
mm strain in the middle of the inner vessel.

The service tower is designed on the top section of the
barrel iron yoke. Table 3.25 shows the heat load estimation
of the magnet.

The STCF detector cryogenic system consists of a
helium refrigerator, a liquid and gas transfer lines, a
liquid and gas storage, and a nitrogen system. The
major components include compressors, oil removal
systems, cold boxes and control systems. All the helium
supplied by this system, except for normal leakage and
necessary venting, is circulated and reliquefied. Liquid
nitrogen usage includes the cooling of the transfer line
thermal shield, the cooling of the thermal shield and
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Fig. 3.108 Stress and deformation of vacuum vessel(2D 1/2 Model).

thermal intercepts in the superconducting solenoid
magnet, and the cooling of the high-pressure helium feed
stream in the refrigerator.

3.11  Iron yoke and mechanical structure

3.11.1  Mechanical structure of the iron yoke

The iron yoke is the base structure of the MUD and the
base support of the subdetector components attached to
it. It has two important functions: one is absorbing all
the high-energy particles except muons in the MUD, and
the other is conducting a magnetic field from the super-
conducting solenoid that serves as leak shielding. The
iron yoke material and structure must be magnetically
permeable and have high mechanical strength. Low
carbon steel is selected as the baseline iron yoke material
and is measured piece by piece with strict requirements
for permeability before machining.

The iron yoke consists of a barrel part and an endcap
part, both of which have a multilayer structure. The
barrel yoke, as shown in Fig. 3.109(a), has ten layers
with thicknesses of 40, 40, 45, 45, 60, 60, 60, 80, 80, and
150 mm from the innermost layer to the outermost layer.
Every layer has an octagonal column configuration and
is formed by eight pieces of separate iron plates. The net
inner height of the 1st layer is 3.78 m and that of the
10th layer is 5.52 m.

The endcap yoke, as shown in Fig. 3.109(b), consists
of eleven layers of iron plates in an octagonal shape.
Every layer is formed by two half-octagonal iron plates.
The thicknesses of the endcap yoke layers are 40, 40, 40,
45, 45, 60, 60, 60, 80, 80, and 150 mm along the

beampipe direction. Polar iron is situated in the center
area of the endcap yoke and is separated into two halves:
one half is fixed to the endcap iron, and the other half
can be pushed and pulled during installation and main-
tenance. An adequate gap between iron plates is maintained
for the installation of cables and pipes.

The total weight of the iron yoke is up to approximately
800 tons. The iron yoke is subject to a large electrodynamic
force when the superconducting solenoid is in operation.
The structure of the iron yoke should be strong enough
to resist this strong force. Welding is avoided in the iron
plate connections to mitigate deformation effects. Bolting
is convenient for position adjustment. The dead zone of
the MUD should be minimized when considering connec-
tions.

The general structure specifications of the iron yoke
are as follows:

e The center of the iron yoke geometry should be
below 3.9 m.

e The final assembly of the iron yoke will be
completed in the detector hall, and the yoke will be
transported to and positioned at the positron-electron
collision point.

e The interior areas of the iron yoke should be easily
accessible, and the vacuum conditions should be main-
tained during maintenance.

o The support structure of the solenoid should guarantee
that the magnetic field is reproducible after detector
maintenance. Electric cables should be routed along
magnetic lines to avoid additional stray magnetic fields.

e Enough space should be left for electric cables and
media coming in and out of the iron yoke.

M. Achasov, et al., Front. Phys. 19(1), 14701 (2024)
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Table 3.25 Heat load estimation.

Heat load components 7T K 45K
Caused by the support rods in cryostat 27T W 1.0 W
Caused by the radiation in cryostat 74 W 32W
Caused by the current leads - TO9OW + 04 g/s
Caused by the radiation in chimney & SP 10 W 0.4 W
Caused by the support rods in chimney & SP 4 W 0.1 W
Caused by the bayonet and valves in SP 46 W 13 W
Caused by the measuring wires 5 W 0.8 W
Total 166 W 26.4 W + 0.4 g/s
Adopted heat load (x1.5) 249 W 39.6 W + 0.6 g/s

Fig. 3.110 A cross-sectional view of the detector (a) and an overall view of the detector (b).

3.11.2  Mechanical movement of the iron yoke

The iron yoke assembly stands on a steel base support
that includes the main frame, a guiding frame, an
enforcement frame and a lifting jack. The mechanical
support allows the detector to move in both horizontal
and vertical direction. In the final positioning step, the
detector is transported horizontally to the collision point

on a guiding rail and raised in the vertical direction on
the hydraulically driven jack system. The position precision
is guaranteed by the straightness of the guiding rail and
the accuracy of the motor controller system. The base
support structure should be strong enough to withstand
the load of the whole detector, which may be as heavy
as 800 tons. At the end of the guiding rail, a disc spring
is mounted as a buffer to prevent the detector from
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Table 3.26 Summary of the cross-sections and event rates from physics processes at /s = 3.097 GeV and /s = 3.773 GeV.

Physics process Cross-section (nb) Rate (Hz)
V5 =3.097 GeV, £ =0.75 x 10°® em™ s, AE = 0.848 MeV
Iy 4500 337500
—ete” 270 20000
—utuT 270 20000
Bhabha (0 € (20°,160°)) 734 55000
¥y (6 € (20°,160°)) 36 2700
T 11.4 900
Hadronic from continuum 25.6 2000
27 process (6 € (20°,160°)), E > 0.1 GeV ~23.3 1740
Total ~5300 ~400000
V5 =3.773GeV, L =1.0 x 10*°° cm 257!
w(3770) 9 900
Bhabha (8 € (20°,160°)) 517 51700
vy (0 € (20°,160°)) 24.5 2450
phrp~ 7.9 790
Hadronic from continuum 18 1800
27 process (6 € (20°,160°)), E > 0.1 GeV ~25 2500
Total ~601 ~60100

going out of range.

The endcap iron yoke can be opened and closed to
allow people to enter the detector to perform mainte-
nance. To make this easy, half of the polar ring iron in
the center is pulled out before the endcap iron opens,
and the four endcap iron yokes move independently and
are controlled by servo motors. On the top of the detec-
tor, extra guiding rails are mounted to increase the position
precision and stability of the movement.

3.11.3  Detector hall and infrastructure

The detector hall is the main place where the whole
setup will be assembled and the detector will be positioned
in its final working location. The requirements of the
detector hall are as follows:

e The detector hall dimensions should be no less than
20 m along the beam direction, 7 m in height, and 30 m
in the transverse beam direction.

e The collision point should be approximately 3.9 m
above the ground floor.

e The load capacity of the ground floor should be
400 kN /m?.

e The sum of the floor vibration amplitude should be
less than 100 pm in the range of 1-60 Hz.

e The ceiling crane should have a 50 ton lifting load
capacity.

e The main gate should be no less than 5.5 m in
width and 6.0 m in height. The dimensions of the detector
component and subsystem that need to be brought into
the hall through the main gate are restricted by the gate
size.

3.12  Trigger, clock and data acquisition (TDAQ)

The CME region of the STCF spans from 2.0 to 7.0
GeV, and the corresponding event rate varies with
respect to different CMEs. The event rates of different
CMEs can be divided into two categories: on-.J/y peak
and off-J/y peak. The total cross-sections and event
rates at the on-J/y peak,/s = 3.097 GeV, is approximately
one magnitude larger than that at the off-J/y peak due
to the large production cross-section of J/y. Table 3.26
summarizes the cross-sections and event rates at
V6=13.097 GeV and 3.773 GeV, respectively. The
production cross-section of J/y is related to the energy
spread of the beams. According to the designed machine
parameters of the STCF, which are described in Section
3.2, the beam energy spread is 4.0 x 107, corresponding
to a beam energy spread of AFEu., = 0.6 MeV and a
total energy spread of AE = v/2- ABpem = 0.848 MeV at
Vs =13.097 GeV. The event rate is calculated from the
product of the cross-section and luminosity, which is
supposed to be 75% of the peaking luminosity at the
optimized CME /s = 4.0 GeV, that is 0.75 x 103 cm ?-s!
at /s =3.097 GeV. The total rate of physics events is
expected to be approximately 400 kHz at the on-J/y
peak and to be approximately 60 kHz at the off-J/y
peak.

3.12.1  Trigger

Trigger system

The expected peak event rate at the STCF of 400 kHz
places challenging requirements on the trigger system.
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Fig. 3.111 The schematic of STCF trigger system.

The baseline design of the STCF trigger system is based
on a two-level trigger concept: a hardware-based (Level
1, L1) trigger and a software-based high-level trigger
(HLT), as shown in Fig. 3.111. The L1 trigger mainly
utilizes the information from the MDC and EMC subde-
tectors. The MDC provides charged track information
(momentum, position, charge, multiplicity, and so on).
The EMC gives energy deposit information and alternative
cluster information (position, energy, size, multiplicity,
and so on). The trigger signal generated by L1 will be
sent back to each sub-detector system. The HLT uses
infomation from all sub-detector systems. Typically, the
MUD provides the fast reconstructed cluster information
(layer number, hit number, and position). EMC also
calculates the cluster shape information and gets used in
HLT. In this level, the reconstructed tracks and clusters
will be marked with a preliminary tab and get identified
as various trigger types. The HLT will be implemented
as part of the DAQ system.

It is worth noting that the 400 kHz event rate only
occurs at the J/y peak. At other CME, the event rate
would be much lower. For instance, according to Table
3.26, the expected event rate is approximately 60 kHz at
Vs =3.773 GeV (y(3770)). At the event rate of 400 kHz
expected on the J/y peak, the probability of more than
one physics event occuring within a time window of 200
(500) ns is approximately 8 (18)%. This poses major
challenges to the STCF detector in terms of separating
the physics events close in time. This calls for fast detector
response to minimize the event overlapping probability.
The MDC is the part of the STCF detector that is most
susceptible to the high event rate given its rather long

drift time and hence a long integration time window (up
to 1 ps). However, timing capability of other components
of the STCF detector (for example, the CMOS-ITK and
EMC) can be exploited to resolve the overlapping events
recorded by the MDC as described in Section 3.5.5. It
should be noted that the current conceptual design of
the STCF detector has not been fully optimized to effec-
tively distinguish close-by events at a 400 kHz event
rate. Further design studies of both detectors and readout
electronics are needed to fully meet the challenge posed
by the very high event rate.

Trigger electronics

As shown in Fig. 3.112, the trigger electronics are
organized into several hierarchies. The first step of trigger
processing is finished within the electronics of each
subdetector (i.e., in “trigger logic” in each readout unit
of Fig. 3.112), which contributes to the generation of the
“global trigger” signal. The results (marked as “InfHIT”
in Fig. 3.112) are then sent to the subtrigger unit (STU)
for further processing, and the final information is gathered
by the global trigger unit (GTU) for the decision of
whether to generate a global trigger (marked as “TrgG”
in Fig. 3.112). Actually, there may be several layers of
STUs, according to the final system scale. Optical fibers
will be used for communication between the RU, STU,
and GTU, as this is suitable for signal transmission over
long distances and can isolate the ground of different
modules over a large area. Based on the wavelength
division multiplexing (WDM) technique, bidirectional
signal transmission can be performed over one optical
fiber. As for the downlink distribution of TrgG, TrgG is
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Fig. 3.112 Block diagram of the trigger electronics for the STCF.

fanned out through the same optical fiber path for the
uplink from the RU to the STU and finally to the GTU,
just backward. Once the FEE receive TrgG, the “trigger
match” function is executed to locate the valid data,
which are then read out to the DAQ. This “trigger
match” process would be conducted in the RU or in
FEE, according to the electronics designs of different
subdetectors. The uplink delay from the subdetector
electronics to GTU and the downlink delay backwards
contribute to the final trigger latency. Besides, a proper
trigger match window should be selected to perform the
“trigger match” process. According to the trigger latency
and match window size, the times tamp region of valid
data can be calculated, and then the trigger match
process is accomplished by searching data within the
caches of the subdetector electronics.

3.12.2  Clock system for the readout electronics

The structure of the clock system for the readout electronics
in the STCF is shown in Fig. 3.113. The readout electronics
should be synchronized for time measurement or event
building. This is achieved in two steps. First, all the
FEE should be synchronized to a system clock which
functions as the global reference for the time stamping
or precise time measurement in all the subdetector elec-
tronics, and this system clock will be imported from the
clock system of the accelerator in STCF; second, the
time stamp should be started (or cleared) at the same
time point. For the first step, as shown in Fig. 3.113, the

global clock unit (GCU) receives the system clock and
then fans it out to multiple subclock units (SCUs).
These SCUs further send the synchronized clocks to the
Common ReadOut Board based on PXI (CROB-PXI)
modules in the DAQ and then finally transmit them to
the RUs & FEE of different subdetector electronics.
Considering the large scale of electronics, optical fibers
will also be used to guarantee high-quality clock signal
transmission over long distances.

For the second step (i.e., the synchronous starting of
the time stamp), once the DAQ receives a command
from the operator, it transmits this command to the
GTU, as shown in Fig. 3.112. The GTU translates this
command and generates a “Start” signal, and then
distributes this signal through the same path for the
global trigger signal in normal working mode. When the
FEE receive this “Start” signal, the counters within all
the FEEs are cleared to zero, and then start counting
driven by the aforementioned system clock. The outputs
of the counters are used as the time stamps, which are
well synchronized among all the FEEs. Besides, a periodic
checking process will also be implemented: the GTU
sends out global time stamp information which is
compared with the local time stamps within the FEEs.
Errors detected in this checking process will be reported
in time, and the local time stamp will be corrected
simultaneously. The time stamp information is added to
the data packages from the FEEs, which will be further
used in event building.
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Fig. 3.113 Block diagram of the clock system for the readout electronics in the STCF.

Table 3.27 Estimated data size of each detector system. The readout time window is adjusted for each detector system to
collect the stored events after receiving the trigger. A 50 ns jitter for the event starting time is assumed. The estimated event
size includes both the physics events and the background contribution within the corresponding readout time.

Readout time window

Event size (B) Total (B/s)

Component Num. of channels
ITK (Silicon) 50M
ITK (WLRWELL) 10552
MDC 11520
PID (RICH) 518400
PID (DTOF) 6912
EMC 8670
MUD 41280
Total(Silicon) 50.6M
Total(uRWELL) 5.94 x 10°

500 ns 14300 5.72G
500 ns 17232 6.89G
1ps 20400 8.16G
500 ns 15600 6.24G
500 ns 7380 2.95G
500 ns 15000 6.00G
500 ns 262 105M
- 72.9k 29.2G

— 75.9k 30.4G

3.12.3

Data acquisition system

Data size requirements

The data size requirements are based on requests from
subdetectors, as summarized in Table 3.27.

Design goal

The data acquisition (DAQ) system performs data
processing and system control in the STCF experiment.
The main functionalities of the STCF DAQ system are
as follows:

o Reads out the detector data after the Level-1 (L1)
trigger matching from the front-end electronics (FEE)
or the merged L1 triggered data from the FEE readout
unit (RU).

e Implements several steps of the data processing,
including event building, event data compression or
information extraction, and high-level trigger (HLT)
computing, before the physics events of interest are ulti-

mately saved to the storage system.

e Organizes and manages the FEE modules, configures
the FEE working parameters, and controls the working
flow of the system.

e Monitors the running status online, including the
FEE working status, the status of the link, etc.

¢ Decimates and analyzes the event data to assess the
working status of the system when needed.

Of the points mentioned above, the reading out and
processing of FEE data is the most significant functionality
of a DAQ system.

In the STCF, as shown in Table 3.27, the total trigger
rate is expected to be approximately 400 kHz, which
produces a total data rate of approximately 30.4 GB/s
when the average event size is 75.9 KB. Furthermore,
the design of the DAQ architecture should consider
other factors, such as the budget, the development time,
the difficulty of development, the scalability, and the
maintenance cost in hardware, software and human
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Conceptual hardware architecture of the DAQ
system

The conceptual DAQ system is composed of two
layers. One is the FPGA-based processing layer (FPGA
layer, FL), where the FEE data reading, preprocessing
and merging are performed in real time with low time
latency by the FPGA. The other part is the CPU/GPU-
based processing layer (software layer, SL), where the
software part of the DAQ, such as event building, data
compressing /information extracting, high-level trigger
(HLT) computing, is running. The FPGA layer is
described in Fig. 3.114.

As shown in Fig. 3.114, a data merging stage named
readout units (RUs) is used to collect the data from the
FEE, extract the trigger information, send the trigger
information to the trigger system (TS), receive the trigger
signals (from the trigger system) and the commands
(from the DAQ system), and forward them to the FEE.
The RUs are connected to the FEE through cables, such
as twisted pairs or coaxial cables, at a typical data rate
of 80/160/320 Mbps, through which a typical merging
ratio of 1:32 or 1:64 can be provided.

After the RUs, two other data merging stages (CROB-
PXI and CROB-PCle) are used to merge the data from
the RUs, transmit the commands, and distribute the
clock and trigger signal (optional) to the RUs and FEE.
By using GTX/GTH transceivers in the FPGA, each
fiber link in CROB-PXI and CROB-PCle can transfer
data at a rate up to 10 Gb/s, while each PCle Gen2 x 8
interface can provide a theoretical transmission capability
of 32 Gb/s. Additionally, the FPGAs on CROB-PXI
and CROB-PCle can perform real-time data preprocessing
and data merging in the pipeline, so the entire FL can
provide sufficient transfer bandwidth, processing ability,

and scalability for the FEE of different detectors.

The SL is mainly composed of workstations or servers,
and the conceptual hardware architecture of the SL is
shown in Fig. 3.115.

There are 3 main types of server nodes in the SL: the
readout servers (ROS), the event builders (EBs), and
the NAS nodes. All the nodes are interconnected with
10G/25G/40G Ethernet. The ROSs are equipped with
CROB-PClIe boards, acting as the entrance of the uplink
streams (such as the data stream, the status stream)
and the output port of the downlink streams (such as
the command stream). The EBs perform high-performance
computing (HPC) in terms of data compression, infor-
mation extraction, and event building by integrating all
kinds of computing resources, including CPUs, GPUs,
and FPGA hardware accelerators. The NAS provides
the necessary storage capacity and bandwidth for the
STCF experiment.

In addition to the server nodes mentioned above,
there are some other servers in the SL. The LOG/DB
server (LOG) provides the system database for recording
the system log information, including the system topol-
ogy, running status, working parameters, and warning
and error messages. The online/control server (OLC) is
the command hub of the whole system and can receive,
process, and forward the commands sent by the remote
control server (RCS). It is also an online information
controller that can merge the status stream, extract the
online information for each detector system, and decimate
the event data. All of this online information is
processed in the remote online server (ROL) and the
remote event analysis server (REA).

Conceptual architecture of the firmware and
software

The firmware and the software of the STCF conceptual
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DAQ system are based on a generic stream-processing
DAQ framework named the D-Matrix. The design
philosophies of the D-Matrix are as follows:

e The workflows of a DAQ system are abstracted into
several independent streams, such as the data stream,
the command stream, the command feedback stream,
the status stream, the online information stream, the log
stream, and the emergency message stream, etc.

e FEach stream has its own processing map
constructed by the cascading of some standard or
custom stream processing nodes named “logic nodes’
(LNs). LNs can be FPGA firmware modules or software
processes, work in the application layer of the OSI
model, and can be distributed to “physical nodes (PNs)”,
which means the hardware entities where the LNs run,
such as FPGAs or servers. The distribution of an LN to
a PN is based on the factors including the LN type, the
resources and the processing ability that PN can provide

)

and the real connection map among PNs. With a feasible
function abstract, most of the LNs can be reused in
different streams with different working parameters.
With the standard interface and the standard data
structure definition, the LNs with matched parameters
can be connected freely.

e For the transport layer interfaces between two PNs,
the “multiple point-to-point” (MPP) model is used,
which means that the interfaces based on different mediums
and different protocols are encapsulated to a unified
model, as shown in Fig. 3.116. Under this model, each
stream crossing the PNs has a channel “independent”
from other streams, and the interface between PNs
seems to be “transparent” for each stream. In this way,
the connection of the LNs for each stream is independent
of the transport layer, the link layer and the physical
layer of the hardware.

Take the data stream as an example.

One of the core functionalities of a DAQ system is the
event building. In D-Matrix, this functionality is imple-
mented by the cascading of the “Merge” nodes, which
can merge the data fragments for some continuous small
spatio-temporal ranges into an intact data frame. The
process of the event building can be divided into multiply
steps, shown as Fig. 3.117. In the CROB-PXI and
CROB-PCle, a firmware “Merge” node is used severally
to aggregate the data with same trigger number from
multiple RUs. In the Readout Server, the data from
multiply CROB-PCle boards can be packaged in a software
“Merge” node and then be distributed to diverse EBs
according to the trigger number by a “Map-T” node
(mapping the stream to multiple output according to
the “Time index” of the frame). All the data sections
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Fig. 3.117 Processing map for data stream.

with same trigger number will be sent to the same EB,
where a sub-system level event building (building an
event section with all the data from one detector system)
and a system level event building (generating the final
event file collected all the data with the same trigger
number) are accomplished. Among these event-building
steps, two custom LNs may be inserted to perform the
possible data compressing or information extracting
after the sub-system level event building, or to do the
Level-II trigger computing through a “Filter” way when
needed. At the same time, optional “Map-T” nodes may
be inserted to promote the depth of parallelism. Benefit
from the flexible stream-processing architecture, the
software LNs can also be replaced by the GPU version
or the FPGA version to accelerate the event building
computing.

Following the D-Matrix framework, the processing
function of the STCF DAQ can be adjusted flexibly by
reusing the standard LNs and inserting the custom LNs,
which greatly reduces the difficulty of development and
maintenance.

3.12.4  Event start time (7p) determination

The time of an ete~ collision corresponding to an event
that fired a given trigger, defined as the event start time
Ty, will be determined offline. T, is essential for event
reconstruction and particle identification. For example,
the measurement of time of flight (TOF) of a charged
particle by the DTOF detector and that of the drift
time by the MDC both require a precise determination
of Ty. The precise Ty is actually provided by the accelerator
beam arrival monitor with a time resolution around 100
fs. The bunch spacing of the STCF accelerator is 4 ns in

the preliminary conceptual design of the accelerator,
while the trigger clock is designed to have a period of 24
ns. Thus there will be 6 or 7 collisions within one trigger
clock, and the task of T, determination is to resolve the
bunching crossings within one trigger clock, which
requires at least 800 ps time resolution.

In the current conceptual design of the STCF detector,
no dedicated T, detectors are considered. However, a
precise determination of T, would still be viable by
exploiting the timing capability (including offline timing
capability) of the subdetectors. The MDC is expected to
provide a time resolution of approximately 1.0 ns for a
charged track traversing most of the wire layers, which
gives a T, precision better than 1 ns when multiple
tracks are present in an event [460]. The DTOF detector
has been demonstrated to be able to distinguish bunch
crossings correctly with an efficiency of > 99% (Section
3.7.3). However, the DTOF detector has a momentum
threshold for Cherenkov production that prevents it
from determining Ty with low-momentum charged parti-
cles. The EMC detector is capable of providing a 300 ps
time resolution for each through-going charged track as
well as a photon with energy above 100 MeV (as
discussed in Section 3.8.3). Thus, the EMC has the
potential to cover the whole T determination task alone.
More investigation and studies are needed to explore the
full potential of the STCF detector in its current design
in terms of determining Tj.

3.13  Offline software

3.13.1 Introduction

The offline software is extensively used to design and
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optimize a detector, to generate large amounts of MC
data, to help in developing reconstruction algorithms
and analysis procedures, to understand and demonstrate
that a conceptual detector satisfies the goals of the
STCF experiment at the experiment investigation stage
as well as to support physics analysis at the experiment
operation stage.

According to the design of the STCF, the luminosity
will be above 0.5 x 103 em™2 - s~ 100 times higher than
that of BESIII, and the total trigger rate as well as the
data rate are expected to be approximately 400 kHz and
30.4 GB/s respectively, which are also much larger than
those of the BESIII. Therefore, an Offline Software
System of Super Tau-Charm Facility (OSCAR) is
designed and developed to provide the unified computing
environment and platform to facilitate design of the
STCF detector, conduct detector performance study as
well as physics potential study. This chapter is going to
talk about strategies and possible technologies to be
used for development of STCF offline software system.

3.13.2  Architecture design

Figure 3.118 shows the architecture of the whole offline
software system, which consists of three components:
External Libraries, Core Software and Applications. The
External Libraries include frequently used third-party
software and tools, such as DD4hep, PODIO, ROOT,
and GEANT4. The Core Software provides the common
functionalities for all data processing and MC produc-
tion, such as event data model, event data management,
data processing control, data input and output, stable
interfaces between different components, job configura-
tion, user interfaces and the tools for the compiling,
building and deployment of the whole software system.
The Applications include the components specific to the
STCF experiment, including extensions to SNiPER,
Generator, Simulation, Calibration, Reconstruction and
Analysis.

The offline software system is designed to meet the
various requirements of data processing. Based on our
experience, Linux OS and GNU compilers are the first
choice for the STCF software platform. However, other
popular OSs (such as Ubuntu and MacOS) development
environments should be considered for the sake of
compatibility. CMT and CMAKE, which can calculate

package dependencies and generate makefiles, are used
for the software configuration and management. An
automated installation tool can ease the deployment of
the STCF software and is also helpful for daily compilation
and testing. Users can concentrate on the implementation
of application software, free from the interference of
different development environments.

Currently, mixed programming with multiple
languages is practical, therefore, we choose different
technologies for different parts of our software. The
main features of the application are implemented via C++
to guarantee efficiency. User interfaces are provided in
Python for additional flexibility. Boost Python, as a
widely used library, is a good choice for integrating C++
and Python. If it is included properly at the beginning
of the system design, most users will be able to enjoy
the benefits of mixed programming without knowing the
details of Boost Python.

3.13.3  Core software

SNiPER framework

SNiPER [462] is the foundation of the STCF software
system and determines the performance, flexibility and
extensibility of the system. It provides common func-
tionalities for offline data processing and the standard
interfaces for developing different applications via Task,
Algorithm, Service and Tool. An algorithm provides a
specific procedure for data processing. A sequence of
algorithms forms the whole data processing chain. A
service provides certain useful features, such as access to
the detector geometry or database, which are necessary
during data processing. Both algorithms and services are
plugged in and executed dynamically, and they can be
flexibly selected and combined to perform certain data
processing tasks. All applications in terms of algorithms
request event data from a Data Store and push new
event data back to the Data Store, finally all event data
in the Data Store will be automatically written into files
via the File Output System. Meanwhile, The File Input
System is responsible for reading the event data from
the output files and placing them into the Data Store
for downstream processing. SNiPER also provides many
frequently used functions, such as the logging mecha-
nism, particle property lookup, system resource loading,
database access and histogram booking.
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Event data model

The event data model (EDM) serves as the central
part of the whole offline software system; it defines the
event information at the different data processing stages
and builds the inter-event and intra-event correlations,
which are very useful for optimization of reconstruction
algorithms, event selection criteria and physics analysis.
Two options of EDM are investigated, one is based on
ROOT TObject and implemented with an XML Object
Description (XOD) toolkit [463], the other is based on
PODIO [464], which is a new merging tool developed by
the future collider experiments and supposed to have
good supports on the concurrency of EDM. The EDMs
for detector simulation and reconstruction have been
implemented in both XOD and PODIO, their performances
are under investigation by running detector simulation
and reconstruction algorithms.

Event data management

Event data management system is designed and
implemented with the Data Store which provides a
common place for data sharing between applications via
standard interfaces to get event objects from the Data
Store, and to push new event objects into the Data
Store. The event objects in the Data Store can be written
to the ROOT files and read back from the ROOT files
later. The event data management system based on
PODIO consists of three components: DataHandle,
PodioDataSvce and PodioSve. PodioDataSve is used to
manage event data objects, while PodioSvc is used to
read/write event data from/into ROOT files. User code
is not involved with any data management details,
except that DataHandle is used to register/retrieve
event data to/from the Data Store.

Parallel computing

Based on the estimation above, the STCF is expected
to deliver more than 1 ab™! of data per year. Assuming a
lifetime of 10 years for the STCF, a total of 10 ab™' of
data is expected. Therefore, it is vital to adopt parallel
computing techniques to make use of all possible
computing resources and accelerate the offline data
processing and physics analysis. At the moment, multi-
threaded programming has been supported and imple-
mented in SNiPER by integration of multi-task with the
TBB technology, which can extract the capacity of
multi-core CPUs to speed up a single job significantly.
Meanwhile, a server-client system will be deployed to
run detector simulation and produce massive MC data
on both local computing clusters and the distributed
computing infrastructure.

3.134

Detector simulation

Physics generator

The goals of the STCF are to study r-charm physics, to

precisely test the standard model and to search for new
physics. MC simulations are used to study physics
potentials, to determine detection efficiencies and to
study backgrounds. To meet these challenges and to
reach unprecedented precision, a comprehensive MC
study is necessary. Event generators with high quality
and precision are essential for performing a reliable MC
simulation and removing systematic uncertainty as
much as possible. For high-precision measurements, we
expect MC generators to simulate the processes under
study as realistically as possible. Hence, the generators
with only kinematic information (e.g., a pure phase
space) do not meet this requirement. Recently, high-
precision generators for QED processes have been devel-
oped based on the Yennie-Frautchi-Suura exponentiation
technique to describe the process efe™ — ff (f: fermion).
The official precision tags of these generators are
approximately 1% or less, e.g., KKMC and BHLUMI.
Generators with dynamical information for hadron
decays have also been developed, such as EvtGen for
BaBar and CLEO collaborations to study B physics. All
these generators have been integrated within OSCAR
and provide us with a large room to make a choice
among them to simulate r-charm physics processes.
Furthermore, one generator framework is developed to
provide the uniform format and standardize interface for
all generators. The application developers or physicists
can easily and quickly call generators in a coherent
manner without knowing much details of generators.

Detector geometry

Detector simulation requires a precision description of
the detector, including materials, geometry and struc-
ture, and this description is used not only for detector
simulation but also for reconstruction and visualization.
The STCF detector is composed of the five sub-detectors
and two auxiliary devices. There are more than 200,000
volumes in total constructing the whole spectrometer, so
it is a very complicated task to design the STCF detector
and requires collaboration between different working
groups, thus, a geometry management system (GMS)
[465] is designed to provide a consistent detector-geometry
description for different offline applications. A new
Detector Description Toolkit, DD4HEP [466], is adopted
to describe STCF detector geometry for GMS, with all
geometric parameters stored in the compact files with
eXtensible Markup Language (XML) [467], which is
more human readable and can be edited by any text
editor.

To hold and manage
customized repository with hierarchical structure is
designed in the GMS, which is shown in Fig. 3.119. The
feature of XML allows a flexible configuration for the
assembly of different sub-detectors. As shown in Fig.
3.120, OSCAR provides DDXMLSvc to transform XML

geometric parameters, a
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—TTETT —TTET™ sub-detectors

Fig. 3.119 Structure of the geometry parameters reposi-
tory. The library of elements and materials is shared by all
sub-detectors. Different sub-detector designs are separately
managed in different XML files; if a sub-detector has more
than one designs, the parameters for different designs are
stored in different XML files with version numbers. A
mother XML file can include several daughter XML files.

descriptions to the offline applications, including simula-
tion, reconstruction and visualization within two steps.
First, specialized C++ code fragments, called detector
constructors, read and parse the geometry parameters
from the XML-based repository and construct the
generic detector description model based on the ROOT
geometry modeller (TGeo) in memory. Second, the
DDXMLSve converts TGeo to geometry format of simu-
lation, reconstruction or visualization. Based on the
GMS, the whole STCF detector has been build, as
shown in Fig. 3.121.

— Detector

parameters | constructors

description model

Standalone detector simulation

First, dedicated standalone simulation packages are
implemented based on GEANT4 [468] for the purpose of
R&D for each sub-detector. This provides guidance for
choosing the best sub-detector option that can fulfill the
desired physics goals. Based on these packages, we
conduct very detailed studies on the performance of
these sub-detectors, including the energy resolution,
momentum resolution, tracking efficiency and PID.

Full detector simulation

To study the performance of the whole detector, the
full detector simulation framework is developed to serve
as a bridge between GEANT4 and OSCAR. It consists
of the integration of GEANT4 with SNiPER, a configurable
user interface, geometry management and modularized
user actions. With this extra layer as a middleware,
detector simulation becomes a seamless component of
OSCAR. Figure 3.122 shows the architecture of the full
detector simulation framework, the algorithm named
DETSIMALG is designed to invoke GEANT4 event loop
in OSCAR, and it invokes the service named
G4SVCRUNMANAGER, which is derived from
G4RUNMANAGER, to initialize simulation and start
tracking. To decouple run manager and user code, such
as detector construction and physics list, the factory
class named DETSIMFACTORY is designed and imple-
mented to construct user actions and pass them to
G4SVCRUNMANAGER. Now we have setup the full
detector simulation chain which includes detector geometry
description, physics processes, hit recording and user

DDXMLSve

Fig. 3.120 Workflow of the DDXMLSvc. The geometry parameters in the repository are parsed by detector constructors
and converted to formats for simulation, reconstruction and visualization.

Fig. 3.121 Full detector described by the GMS and printed using the default 3D visualization plugin of DD4Hep. 2D
sections are viewed from different directions: (a) Z-R view and (b) X-Y view.
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Fig. 3.122 Overview of the full detector simulation frame-
work for STCF.

interfaces. The detector geometry is described in Section
3.13.4. At the moment, a uniform magnetic field of 1
Tesla is currently defined in the detector geometry xml
file, and a realistic magnetic field map will be implemented
later. The physics processes include standard electro-
magnetic, ionization, multiple scattering, bremsstrahlung
and optical photon processes. The hit information and
particle history information, including the initial
primary particles, energy deposition, direction and position
of the hit as well as the relationship between track and
hits, for each sub-detector has been defined in the simu-
lation EDM, and all these information can be saved into
the ROOQOT files and used for reconstruction.

3.13.5

Reconstruction

The reconstruction of track, photon, muon and particle
identification plays very important roles for achieving
STCF physics goals with unprecedented precision. At
the moment, the reconstruction methods and algorithms
are under-study with the simulated hit information.The
reconstruction chain starts with the track reconstruction,
followed by the particle flow interpretation of tracks and
calorimeter hits and finally the reconstruction of
compound physics objects such as converted photons.

Track reconstruction

Track reconstruction consists of two main procedures,
track finding and track fitting. The purpose of track
finding is to find hits produced by the same particle.
The 2D track candidates in r—¢ plane are searched first,
then z direction information is used to infer 3D track.
The commonly used methods are conformal transformation
and Hough transformation. Other methods, such as
hypothesis test method and machine learning technique,
are also wunder investigation. The track fitting is
performed by the Deterministic Annealing Filter (DAF)
method, which is an extension of Kalman Filter and can

reduce the influence of bad points on reconstruction by
setting weights of measurement points and updating
iteratively.

PID reconstruction

PID systems (including DTOF and RICH detectors)
are used to identify charged particles based on the infor-
mation of the Cherenkov light which is generated when
tracks pass through the DTOF and RICH detectors. For
DTOF, the reconstruction algorithms mainly focus on
the reconstruction of the Cherenkov angle, and the flight
time of the charged particle can also be used to separate
different particles. For RICH, the Cherenkov photons
are collected by anode pads of the detector and the log-
likelihood wvalues in all pads for a certain particle
hypothesis, including =, K,p, e, u, are calculated, respec-
tively. The reconstruction algorithm of RICH calculates
the sum of the log-likelihood difference between two
particle hypotheses and the one with larger log-likelihood
difference is chosen as the optimal candidate.

EMC reconstruction

EMC is used to detect the energy deposition of
neutral particles (mainly photons) and charged particles,
and also to measure the time information. The recon-
struction process is divided into several steps, including
cluster searching, seed finding, and cluster splitting into
showers. While reconstructing the energy of the shower,
the position of photons can be reconstructed by the
barycenter method with logarithmic weight. On this
basis, the timing algorithm included waveform simula-
tion, leading edge timing or waveform fitting is introduced
into the reconstruction framework.

MUD reconstruction

MUD is used to detect and separate muons from other
charged particles as well as identify neutral particles.
The reconstruction algorithm includes three steps: firstly,
the information from MDC, EMC and MUD is
combined together to judge whether the gathering hits
are generated by a charged track or a neutral particle;
secondly, the direction from MDC extrapolation or EMC
is used to do a pre-screening of the hits, then these hits
are fitted and some hits with large deviations are
removed; finally, after reconstruction of a track, BDT is
adopted to identify which particle does the track belong
to.

3.13.6  Validation system

Software validation at different levels is vital in the long
lifecycle of OSCAR.To make sure its quality and perfor-
mance, an automated software validation system is
developed based on Python. It includes a unit test
system and a data production system, covering the software
validation from code quality monitoring to physics vali-
dation. The wvalidation system supports defining and
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profiling unit test cases, results validation based statistical
methods, as well as automated data production for high
level physical validation.

3.13.7  Summary

OSCAR is developed based on SNiPER framework and
several state-of-art tools, including DD4hep, PODIO and
TBB, and has been adopted to well meet the requirements
and challenges from the large amount of data of the
STCF. Currently, the main functions of the core software
have been implemented, including the event data model,
event data management, IO system and interfaces
between different components, and the full detector
simulation chain has been set up to optimize the detector
options and study the detector performance. Development
of event reconstruction methods and algorithms is under
going, including reconstruction of the charged tracks,
electromagnetic showers and particle identifications for
further physics analysis.

4 Physics performance

4.1  Fast simulation

To facilitate physics potential studies, a fast simulation
package [469] has been developed and used to produce
physics signals and background samples to investigate
the physics potential capabilities of the STCF. The basic
idea of this fast simulation package is to model the
detector responses, including the efficiencies, resolutions,
particle identification and other responses needed in
data analysis, instead of simulating all details and physical
interactions with GEANT4. To more accurately simulate
the detector’s response, these model shapes are extracted
from the full simulation of the BESIII detector and
parameterized based on empirical formulas or extracted
from histograms, which are defined with different
momentum and polar angle (with respect to the beam
direction) regions.

In this package, the modeling of responses in each
subdetector is individually implemented for the charged
particles e, u, 7, K and p, as well as the neutral particles
v, n, i and K9. The detector efficiency is simulated by a
sampling according to its curves as a function of a two-
dimensional variable, i.e., momentum versus cos, where
6 is the polar angle of objects in the laboratory frame.
For the observables with measurement uncertainty, such
as energy, momentum, space and time, the expected
value is the overlay of the detection resolution on top of
the MC truth value, where the corresponding detection
resolution is extracted by a sampling according to the
distribution. The reliability and stability of the fast
simulation package have been validated in terms of
many aspects. At the object level, input and output

checks for all the observations of different types of particles
with various input parameters have been performed. In
addition, full physics analyses for some interesting physical
processes are performed in the fast simulation package
by setting the same parameters as those of the BESIII
detector and comparing the results from BESIII physical
programs, e.g., event selection efficiency and distribution
of some physical variables of interest. Good consistency
is found in the above validation. In addition, an interface
is provided for users to flexibly adjust the responses to
easily estimate the detector’s performance. With this
fast simulation package, many physics analysis processes
are ongoing, as introduced in the next Section.

4.2 Selected physics performance

As discussed in Section 2, the physics highlights of the
STCF can be grouped into three categories: QCD and
hadronic physics, flavor physics and CP violation and
the search for new physics. The statistics is a crucial
factor for learning the properties of the exotic particles.
Figure 4.1 shows the number of expected samples at
STCF under 0.2 ab ! and 1 ab ! integrated luminosity.
STCF can collect world leading statistics for the char-
monium and charmonium-like samples. Moreover, the
clean environment of STCF will provide an ideal platform
for the tau physics and study of charmed hadrons.

With the expected luminosity collected at STCF, the
key parameters from EW test and new physics probe are
shown in Fig. 4.2 and Fig. 4.3. The statistical sensitivity
for flavor and CP violation test can be significantly
improved compared with current world best result.
However, the systematic uncertainty will be an essential
limitation of the precision by then. The discussion of
systematic uncertainty is presented in Section 4.3. For
the new physics probe, an increased statistics will no
doubt help to test various models beyond SM. The
sensitivity of various rare of forbidden decay can be
improved with a magnitude factor of 2 to 3, and is lying
in the range of beyond SM model predictions.

Table 4.1 lists the statistical sensitivities for several
benchmark processes and compared with current operating
BESIII and Belle IT experiments.

4.2.1  Prospects of the collins fragmentation function

The measurement of the Collins fragmentation function
(FF) represents an important test for understanding
strong interaction dynamics and thus is of fundamental
interest in understanding QCD. There have been several
semi-inclusive deep inelastic scattering (SIDIS) measure-
ments of Collins asymmetry from HERMES [476, 477],
COMPASS [478] and JLab [479]. Direct information on
the Collins FF can be observed from ete™ annihilation
experiments such as Belle [480, 481] and BaBar [482],
which give consistent nonzero asymmetries. However,
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Fig. 4.1 Number of expected samples at STCF under 0.2 ab™' and 1 ab! integrated luminosity, compared with current

BESIII statistics and Belle II 50 ab™! expected.

the ete™ Collins asymmetry obtained from Belle and
BaBar corresponds to a Q2(= 100 GeV?) higher than the
typical energy scale of the existing SIDIS data. The
STCF studies ete™ at a moderate energy scale (Q2in
4-49 GeV?). The results can be directly connected to
future SIDIS experiments, such as EIC and EicC. In
addition, it is crucial to explore the Q2 evolution of the
Collins FF and to improve our knowledge of strong
interaction dynamics.

To study the Collins FF, we introduce the 2¢, normalized
ratio, R = %, where the azimuthal angle ¢ is defined
as in Fig. 4.4(a), N(2¢¢) is the dipion yield in each 2¢y
subdivision, and (N,) is the averaged bin content. The
normalized ratios are built for unlike signs (7*7F) and
like signs (n*n*t), defined as RY, RF, where different
combinations of favored FFs and disfavored FFs are
involved. A favored fragmentation process refers to the
fragmentation of a quark into a hadron containing the
valence quark of the same flavor, e.g., u(d) — 7t while
the corresponding u(d) — «~ is disfavored. A double ratio
RU/RF is used to extract the azimuthal asymmetries

since R is strongly affected by detector acceptance. In
the double ratio, charge-independent instrumental
effects cancel out, while the charge-dependent Collins
asymmetries are kept. RU/RF follows the expression
%Z =1+ Ay cos(2¢o), while Ay denotes the asymmetry
for the UL ratio.

The measured asymmetry of KK + X is significantly
diluted by the K= background. We use AKX and AKT to
express the true Collins asymmetries for two processes
KK+ X and Kn + X, respectively, with fr. and fq, for
the level of the K background and the other background
contributing zero asymmetry. Then, we can obtain the

Collins measurement by unfolding

AKK - (1 - fﬂat - fKﬂ)AKK + fKﬂAKﬂ-

meas true true *

(4.1)

The fi, levels for K7 mis-ID levels from 0.001 to 0.01 are
shown in Fig. 4.4(b). fx, can reach up to 8% for K7 mis-
ID at the 1% level. Since AKX and ATT are at the (0.1,
0.2) level, the systematic background coming from fx. is
approximately 0.02.

With the K /7 misidentification rate required to be 1%

10!
1072 4 mm Current sta.
W Current sys.
Bl STCF sta. (0.2 ab™)
- 107 -{ M STCF sys. (0.2 ab ™)
.2 STCF input (0.2 ab ")
-2 STCF instru. (0.2 ab™)
L —— | MM STCF sta. (1 ab™!)
~ 10 HE STCF sys. (1 ab )
W STCF input (1 ab™")
53 STCF instru. (1 ab™")
106 4 smnssn ey

Mixy, g

Fig. 4.2 Precision of various measurements to test SM, such as muon g-2, tau mass, CKM matrix and CPV, from current
precision and STCF expected with 0.2 ab™' and 1 ab™' integrated luminosity. The uncertainties of STCF expected consider
the sources from statistics (sta.), reducible systematic (sys.) such as tracking, PID, and other selection criteria, irreducible
systematic from theoretic input and instrument effects such as beam energy and beam spread.
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Table 4.1 Summary of the statistical sensitivities for some benchmark physics processes, not inclusive yet.

Observable BESIII (2020) Belle II (50 ab 1) STCF (1 ab 1)
Charmonium(like) spectroscopy:
Luminosity between 4-5 GeV 20 fb ! 0.23 ab! 1ab!
Collins fragmentation functions:
Asymmetry in ete™ - KK + X 0.3 [470] — < 0.002 [471]
CP wviolations:
Acp in hyperon 0.014 [26] — 0.00023
Aepin T - O(107%)//70 [251] 0.0009 [250]
Leptonic decays of D(s):
Vea 0.03 [472] - 0.0015
fp 0.03 - 0.0015
e 0.2 - 0.005
Ves 0.02 [473] 0.005 0.0015
fp. 0.02 0.005 0.0015
o 0.04 0.009 0.0038
D mizing parameter:
x - 0.03 0.05 [474)
Y — 0.02 0.05
T properties:
m. (MeV/c?) 0.12 [475] - 0.012
d, (e cm) - 2.02 x 107" 514 x 1071
c¢LFV decays of T(U.L at 90% C.L.):
Tl - 1x107° 1.4 x107°
T Y - 5x 1077 1.8x 1078
Iy — et 7.5 x 1078 - 7.1 x 10710
-5
10 mmm Current limit
FSTCF (0.2 abY)
| R— T W R (R RN SRS S SRS S S————
mmm BSM (upper limit)
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Fig. 4.3 Sensitivity of processes that are forbidden or rare in SM prediction, from current results and STCF expect with
0.2 ab!' and 1 ab™!, and compared with predictions from theoretical models beyond the SM.

up to 2 GeV, the statistical uncertainty for =7 + X is
(2-7) x 1074, and the statistical uncertainty for KK + X
is (7-20) x 10~ for 1 ab™' luminosity at /s =7 GeV. The
momentum dependent precision for the Collins effect is
described in Ref. [483], and it is found the precision of
Collins effect is better than 0.2% if the azimuthal asym-
metries in the inclusive production of #+7~ is over 0.02

and that of Kk+Kx— is over 0.07 in the kinematics bin
2 = E/Epeam € [0.5,0.9].

4.2.2  Prospects of CP violations in the lepton/baryon
sector

Within the SM, there is no direct CP violation in
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Fig. 4.4 (a) Definition of ¢, as the angle between the plane spanned by the beam axis and the momentum of the second
hadron (P.) and the plane spanned by the transverse momentum p, of the first hadron relative to the second hadron.

(b) Different K7 mis-IDs versus the background level fi.

hadronic 7 decays at the tree level in weak interaction;
however, the well-measured CP asymmetry in
K — nFl*y produces a difference between
I'(rt — Kpnto) and T'(r~ — K7~ v) due to the K°— K°
oscillation. The same asymmetry also appears between
I'(tt - Kentv) and T'(t~ — Kgrv) and is calculated to
be (0.36 +0.01)% [484, 485].

The BaBar experiment has found evidence for CP
violation in 7 — Kgn~v[> 07°] with an asymmetry rate of
(—0.36 & 0.23 + 0.11)% [486], which is 2.8 standard deviations
from the theoretical prediction. Apart from the above
BaBar measurement, a collaboration of CLEO [487] and
Belle [488] focuses on the CP violation that could arise
from a charged scalar boson exchange [489]; this type of
CP violation can be detected as a difference in the r
decay angular distributions. The results are found to be
compatible with zero with a precision of ©(1073) in each
mass bin [488]. In all these experimental measurements,
the statistical uncertainty is at the level of ©(1073), and
the current experimental sensitivity cannot yield a
conclusion regarding the CP from 7 decay. Therefore, a
higher-precision result is strongly required for clarifying
the new physics features.

MC samples normalized to 1 ab ! luminosity at
Vs =4.26 GeV are simulated. The ete™ — 777~ process
is generated with KKMC [490], which implements
TAUOLA to describe the production of the 7 pair.
Passage of the particles through the detector is simulated
by the fast simulation software. We select signal events
with one 7% decay to leptons, 7+ — ITyp. (I =e,p),
denoted as the tag side. The other is 7= — Kgm~ v, with
Kg — ntr~, denoted as the signal side. The charge
conjugate decays are implied. The distribution of My .-
after selection is shown in Fig. 4.5(a), and the selection
efficiency for the signal is 32.8% after detector optimization
including improving the low-momentum tracking efficiency
by 10% and requiring the =/p misidentification to be
3%.

The efficiency corrected numbers for 7= — Kgn~ v,
and 77 — Kgnti, are well consistent with the input
value. The statistical sensitivity of CP asymmetry with
decay rate is calculated to be 9.7 x 10~ In addition, the
selection efficiency for this process with CME from
Vs =4.0 GeV to 5.0 GeV, where the cross-section for
ete” — 77~ is the maximum, is studied, as shown in
Fig. 4.5(b). It is found that the efficiency varies from
32.6% to 33.5% (without a likelihood requirement),
which is very stable in this energy region. Therefore, the
statistics of the signal process can be increased linearly
with more data collected. Since this process is not free of
a background, the sensitivity of the CP asymmetry is
proportional to 1/v/L. With 10 ab ! integrated luminosity
collected at the STCEF, the sensitivity of the CP asymmetry
is estimated to be 3.1 x 1074, comparable to the uncertainty
for theoretical prediction.

According to the CKM mechanism, the C'P violation
of A was predicted to be on the order of
0O(107%) ~ 0(1075) [491]. Recently, BESIII has measured
this CP violation by studying the spin correlation in
J/w — AA with 1.3 billion J/y [26]. The sensitivity of the
CP violation is O(1072), which is far from the sensitivity
of theoretical prediction. At the STCF, more than 1 trillion
J/y are expected in one year, and the CP violation of
hyperons can be studied with high precision.

For the process J/y — AA — pr—an®, the selection effi-
ciency is 13.1%, which is increased by a factor of 22.1%
after a series of detector response optimizations. With
the fitting of the joint angular distribution with the spin-
correlation functions, the precision of the o asymmetry
is estimated to be 8 x 107* with a 1 trillion J/y MC
sample. The CP violation is constructed with the difference
of a from the decay of A and A. From this study, we can
also estimate the sensitivity of CP violation for the
process J/y — AA — pprtn~; by improving the tracking
efficiency for low-momentum tracks by 10%, the sensitivity
of CP study for this process is approximately 3 x 1074,
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Fig. 4.5 (a) Invariant mass of Ks7~ with combined e-tag and u-tag from 7 decay. (b) Selection efficiencies for the signal

process at different CMEs from /s = 4.0 GeV to 5.0 GeV.

which is comparable to the sensitivity from theoretical
prediction.

It should be noted that, if the electron beam is polar-
ized, the polarization translates nearly 100% into a well
understood polarization of the two final-state tau
leptons. Thus, the STCF operation with a polarized
electron beam just above the tau-pair threshold would
enable a high sensitivity search for CP-violating asym-
metries in many 7 decay modes, such as 7 — 770 [74].
Besides, the polarization of electron beams can also
improve the sensitivity of CP in hyperon decays with a
factor of three [492].

4.2.3  Prospects of leptonic decay DF — Ity

In the SM, pure leptonic decay D —itv (I=e, pu, 7)is
described by the annihilation of the initial quark-antiquark
pair into a virtual W that materializes as a [Tv pair.
Since there is no strong interaction present in the
leptonic final state i*tv, this decay provides a clean way
to probe the complex strong interaction hiding the quark
and antiquark within the initial-state meson, where the
strong interaction effects can be parameterized by the
decay constants f,,+ and [Vl

For a given value of |V,|, we can obtain fos and vice
versa. Improved measurements of f,, are important for
testing and calibrating lattice QCD calculations, and
|Ves| is important for testing the CKM matrix unitarity.
In addition, the ratio of the decay rates of D} — v,
and D} — utwy, can be used to test lepton flavor univer-
sality (LFU). The current experimental results of
D, — Itv are limited by statistics; therefore, it is important
to study the D, leptonic decay with high statistics.

We study Df — iTv (I=p,7) at /s = 4.009 GeV, where
the DF D pairs are produced with no other accompanying
particles, which provides extremely clean and pure DF
signals. The cross-section for ete~ — DFD; is approxi-
mately 0.3 nb [493]. The double tag (DT) technique is
used to perform absolute measurement of the branching

fraction. The single tag (ST) candidate events are
selected by reconstructing a D in the following 11 tag
modes: D7 — KgK_,K"'K‘W"’,K+K_7T_7r0,KgK_7r+7T_,
KK nmn=, atqmm™, T Oyyy T 700y, T 0 ()
T, o(min—y and K-mtrt. Figure 4.6(a) shows the
distribution of Mpgc for the D, candidates from the
K*TK~7m~ mode.

To reconstruct D} — 7ty, the decay 7+ —efviis
studied. Only one good charged track is required; this
track is identified as a positron and has a charge opposite
that of the ST D, meson. The variable E% . is used to
demonstrate the D} candidate, which is defined as the
total energy of good showers in the EMC, excluding
those used in the tag side and photons from the positron.
The distribution of E!  is shown in Fig. 4.6(b). The
signal events form a peak at 0 on the E% spectrum.
The background sources can be categorized into three
classes. The class I background is from the events with
the wrong tag D_, which is represented by the events in
the Mpc sideband regions; the class II background arises
from the peak of Df — K%etv. decay with little or no
energy from K9 deposited in the EMC; the class III
background is dominant and includes other D semilep-
tonic decays. The class II and class II backgrounds are
depicted with MC simulations. The signal region of E'!
is defined to be EX, < 0.4 GeV to maximize the signal
significance. To mitigate the signal shape dependency on
the tag mode, we use the cut-count method, i.e., fit £
in the high region of E% > 0.6 GeV, and then subtract
the extrapolated background from the number of
observed events in the signal of E <04 GeV to
obtain the DT yield and DT efficiencies. To reconstruct
D, — pv, one charged track is selected and identified as
i, and the missing mass of neutrinos is used to distinguish
signals from background.

With the 0.1 ab! cocktail MC at 4.009 GeV, the
statistical uncertainty for D, — uv is estimated to be
0.89%, and the statistical uncertainty for D, — rv is

1.3%. This is comparable with the expected precision at
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Belle II, with 50 ab ! luminosity. Moreover, at the STCF,
with 1 ab ! luminosity collected in one year, the uncertainty
can be reduced to 0.28% and 0.41% for D, — pv and
D, — tu with 7 — evv, respectively. The obtained fo¥
and |V,,| have an uncertainty of less than 0.2%, which is
comparable to the uncertainty of the theoretical calcula-
tion. Figure 4.7 and Fig. 4.8 show the expected |V,,| and
fp. obtained with 1 ab! luminosity collected at 4.009
GeV at the future STCF.

4.2.4  Prospect of cLFV in 7 decay

The charged lepton flavor violation (cLFV) process is
forbidden in the SM and is highly suppressed even when
taking neutrino oscillation into account since the rate of
the cLFV process is suppressed by (m,/mw)?*, where m,
and myy are the masses of neutrinos and W bosons,

respectively. Any observation of cLFV in experiment
would be an unambiguous signature of new physics. On
the other hand, lepton flavor conservation, differing
from other conservation laws in SM, is not associated
with an underlying conserved current symmetry. There-
fore, many BSM models naturally introduce lepton
flavor violation processes, and some of them predict
branch fractions that are almost as high as the current
experimental sensitivity [494-499]. Of all the possible
cLFV processes, 7 — yu andr — il are two golden channels
as the most likely decay modes in a wide variety of theo-
retical predictions. Currently, the most stringent upper
limits of the branch ratios of the two channels are given
by B-factories 4.4 x 10% at 90% C.L. [500] and 4.5 x
108 at 90% C.L. [501] for 7 — v and (4 — 8) x 103 at 90%
C.L. for 7 — lll. The next generation of electron-position
colliders, such as Belle II and the STCF, aim to push
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the sensitivity down another several orders of magnitude 4.3

Discussion of systematic uncertainties

into the prediction range of BSM models.

We use the DT technique for ¢cFLV decays of 7, in
which the tag of 7+ is the large branching fraction
processes, including one charged track
(rt = at /et /ut +nn® 4 nv). For 7= — 1171, 82.62% of
the total 7+ branching fraction is tagged, and 54% of the
total 7T branching fraction is tagged for 7= — qpu
(excluding the channels 7 — pvp and 7 — 77°7%). The
tag side can be reconstructed with missing energy from
neutrinos, while the signal side can be fully recon-
structed. For the process 7= — [Ti7I~, there are six
modes (eete™, pte"e™, p-ete”, etp~pu~, e putp,
p~ptp~). The number of surviving events Npg using 1
ab ! cocktail MC at /s =4.26 GeV is obtained, with
scaling of the «/p mis-ID rate to 10%, 3%, and 1%, as
illustrated in Fig. 4.9. The MC selection efficiencies are
also obtained by varying the 7/ mis-ID rate from 10%
to 1%. From the plot, we find that the detection efficiency
of 7= — p~ptp~ is most sensitive to the 7/u mis-ID rate
and is increased from 15.4% to 22.5%, with the corre-
sponding background rate decreasing from 237 to 8.
With 3.5 x 10° 7+~ pairs collected at the STCF per year,
under the assumption that the n/y mis-ID rate is 1%,
the upper limit is predicted to be 1.4 x 10710.

For 7 — ~yu, there are two dominant backgrounds,
from ete™ — ptp~ and etet — 777~ with 77 — 77% and
7= — pvr. Stringent selection criteria should be applied
to remove the background. With the 7 /u misidentification
required to be 1% and the position resolution of photons
required to be 4 mm, we obtain a background-free
sample with a selection efficiency of approximately 8%.
The upper limit for 7 — yu is calculated to be around
1.8 x 1078 with 1 ab ! at /s = 4.26 GeV [259].

To shed light on the physics programs at the STCEF,
especially those that require precise measurements, it is
essential to have precise knowledge about the systematic
uncertainty sources. However, a full systematic uncertainty
study requires both experimental data and MC simula-
tion, which are not possible for this conceptual design
report. Here, we only provide a general discussion of the
leading systematic uncertainty sources in physics analy-
ses. A more precise estimation of systematic uncertainty
is expected when the design and construction of the
detector is completed.

4.3.1  Luminosity measurement

The precise measurement of the production cross-section
at the STCF requires a high-precision measurement of
the luminosity. Usually, the luminosity measurement
utilizes the Bhabha scattering process ete™ — (y)ete”
due to its clear signature and large production cross-
section. A cross check of the luminosity can be
performed using the di-photon process ete™ — vy. At a
tau-charm factory, large-angle Bhabha scattering events
are selected. The integrated luminosity is calculated
with £ = Nus/(0 x ¢), where Ny is the number of
observed signal events, o is the cross-section of the
processete™ — (y)ete™ orete™ — v, and ¢ is the detection
efficiency.

Sources of systematic uncertainties of luminosity
measurements necessitate requirements regarding event
selection, MC statistics, trigger efficiency and the MC
generator. Regarding the requirements for event selec-
tion, e.g., the tracking efficiency, the EMC energy and
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Fig. 4.9 (a) The number of surviving background events Nge and (b) the selection efficiency with different 7/u mis-ID

rates for 7 — .

track acceptance requirements can be studied by an
alternative selection criterion using only information
from the EMC, varying these parameters, respectively.
The MC statistics can be negligible with the generation
of enough MC samples. The trigger efficiency will be
discussed after the design of the detector is complete.
For the MC generator, the observed cross-sections o for
the two processes are currently provided by the
BABAYAGAQNLO generator [502, 503] with a precision
of 0.1%. An even higher-precision QED calculation of
the MC generator is expected with more accurate lumi-
nosity measurements required in the future [502].

4.3.2  Tracking/PID uncertainty

Tracking and PID play a key role in physics analyses,
and comprehensive study of the data/MC difference for
the tracking and PID efficiencies is important. With the
high luminosity of the STCF, large samples of charged
and neutral final states can be selected from the QED
processes, J/w decay, and charm meson decay. The
tracking and PID efficiencies can be studied in different
kinematic regions with pure samples. These process-
independent efficiencies can be used to correct the data/
MC differences and estimate the corresponding systematic
uncertainties.

A large sample of electrons and muons can be selected
from radiative QED processes ete™ — yete™ and
ete” — yutp~. Charged pions and kaons can be selected
from J/y decay, e.g., J/y — rTn 7% and J/y — K, KFr¥,
or charm meson decay, D° — K—z«+. Protons can be
selected from J/y — pprt7~, while this process can also
be used to study the tracking and PID efficiencies of
pions. The detection efficiency of photons can be
selected from processes ete™ — yutu~, J/w— ntr a0,
w(28) — 97°J /y, and D° — K—a+7% The detection effi-
ciency of neutrons can be studied from J/y — piin~ + c.c.
The selection efficiency for the intermediate states K,
and A can be studied with J/y — K,KFx* and

J/y — AA, respectively.

4.3.3 Radiative correction

The radiative correction includes both initial-state radia-
tive (ISR) and final-state radiative (FSR) corrections,
and the current precision for the radiative corrections is
model dependent. For models used in PHOKHARA, the
precision is 0.5% [504]. A comprehensive discussion of
radiation corrections is presented in Ref. [505]. With
increasing experimental accuracy, better modeling with
radiative corrections is necessary.

434

Vacuum polarization

In the calculation of the Born cross-section or the bare
cross-section, the vacuum polarization (VP) effect
should be taken into account, which affects the EM fine
structure constant a(s) as follows:

o (28

The leptonic VP contributions to II(s) are calculated to
four-loop accuracy [506], the dominant uncertainty
comes from the hadronic VP contribution that relies on
the hadronic cross-sections, which is currently within 0.2%
[507]. With more precise cross-sections obtained in
experiments, especially at low CMEs, the accuracy of
the VP effect will be further improved.

dressed
bare __ o

S L-T(s)?

o (4.2)

4.3.5  Others

In addition to the above systematic uncertainty sources
widely involved in physics analyses, there are other
uncertainty sources depending on the physics processes
involved. In 7 mass measurements, minimizing the
uncertainties in the beam energy scale and energy
spread is so essential that a dedicated detector for these
measurements is needed. In the leptonic decay of charm
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mesons, radiative processes, for example, D} — ity
are considered to have 100% uncertainty on the branching
fraction, which yields 1% uncertainty in the measurement
of D} —i*y. With the large sample collected at the
STCF, radiative processes can be measured with high
precision, and its effect on the leptonic decay will be
limited to within 0.1%. Other uncertainty sources
include those from background estimation, fitting proce-
dures, trigger efficiency, etc. Only when each uncertainty
source is carefully examined and understood can the
experimental accuracy match the high statistical precision
achieved at the STCF.

4.3.6  Conclusion

Among the various physics highlights discussed at the
beginning of this section, the precision frontier needs
careful systematic uncertainty studies. These uncertainties
can be categorized into three aspects, the first is the
reducible uncertainties, that comes from tracking, PID,
and other selection criteria, which will be scaled down
according to the statistics of control sample. The second
aspects from theoretical input as discussed above, such
as initial radiative correction, vacuum polarization
correction, and luminosity measurement. The third
comes from instrumental effects, such as beam energy
measurement, and energy spred. The latter two are irre-
ducible uncertainties that should be studied in detail
during R&D.

5 Future plans

As presented in this CDR, substantial efforts on detector
R&D and physics performance are underway. It has
been demonstrated that the proposed conceptual detectors
can meet the physics requirements and can feasibly be
built on the timescale of the STCF project. Moving
forward, more in-depth R&D and studies are required
for the preparation of the Technical Design Report
(TDR). These include sharpening the physics case, final-
izing detector technological choices, further optimizing
to improve performance and reduce cost, designing
mechanical, electrical and thermal systems, and developing
installation and integration schemes.

5.1  Detector cost and project timeline

The cost of the STCF detector is estimated to be 550
million RMB based on its conceptual design. The leading
cost driver is the electromagnetic calorimeter with pure
Csl crystals.

The current timeline for the STCF project is shown in
Fig. 5.1. With the completion of the conceptual design
reports of the accelerator and the detector, the next
phase of the project will be a 5-year period for accelerator
and detector R&D toward the completion of the Technical

Design Reports of the accelerator and the detector. The
project will then move on to the construction phase
spanning approximately 7 years that will eventually see
both the accelerator and the detector fully constructed.
An approximately 15 year data-taking period is envisaged
to achieve the primary physics targets of the STCF
project, and there is a possibility to upgrade the STCF
with a polarized electron beam afterwards.

5.2  R&D prospects

521 ITK

The inner tracker is designed to have a low material
budget and fast readout and to provide high detection
efficiencies for charged particles, especially those with
very low momentum, below 100 MeV/c. It must also
satisfy the stringent requirements imposed by the high
luminosity and trigger rate conditions. Two conceptual
designs of the ITK have been proposed: a cylindrical
uRWELL-based detector and a monolithic active pixel
sensor-based detector. Several critical R&D items have
been identified for the TDR:

e yRWELL-based ITK

— Manufacturing methods for large area diamond-like
carbon (DLC) resistive electrodes;

— Electrode structure design and manufacturing methods
for a large-area WELL detector and a large-area canal
type (GROOVE) detector;

— Mechanical structure and installation method for a
cylindrical detector;

— Design of front—end ASICs to integrate analog signal
manipulation, ADC, charge and time calculations, and a
high-speed data transfer interface;

— Design of the readout electronics, including the
front—end electronics with customized ASICs, readout
units, and subclock and subtrigger modules;

— Design, construction and characterization of a small
cylindrical ykRWELL detector prototype.

o« MAPS-based ITK

— Track reconstruction performance study and further
optimization of the layout;

— Design of the MAPS pixel layout with optimal
sensor parameters, such as low capacitance, high charge
collection efficiency and short charge collection time;

— Design of a low-power low-noise in-pixel circuit;

— Design of the readout strategy for the hit signals
and the architecture of on-chip readout circuitry;

— Design of the readout system, including readout
units, power units and common readout units, for data
receiving, collecting, transferring, and configuring of the
MAPS;

— Design of the stave module, including support
mechanics and a cooling system;

— Design, construction and characterization of a
MAPS stave prototype module.
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Fig. 5.1 Expected timeline for the STCF project.

522 MDC

The main drift chamber (MDC) is the central part of
the tracking system of the STCF detector. The key
factors affecting the tracking performance in the STCF
experiment are multiple scattering and energy loss of
charged particles traversing the MDC. Therefore, the
driving force in the design of the MDC is reducing its
material budget as much as possible. This also represents
the core of the R&D work required for the MDC detec-
tor. The MDC provides ionization measurements for
charged particle identification as well as precise position
measurements for charged particle tracking. Thus,
precise time and charge measurements are both required
for the MDC readout electronics. In addition, the high
counting rates expected at the MDC inner layers and
the extremely high rate of physics events of interest
expected when running at the J/y peak impose stringent
requirements on the MDC readout electronics as well as
the MDC detector. A vigorous R&D program needs to
be developed and carried out for the MDC to meet all
the technical challenges. Such an R&D program should
cover the following aspects where some critical R&D
items have been identified.

Detector design optimization

The material budget of the detector should be maximally
reduced to enhance the tracking performance for low-
momentum particles by optimizing the detector design
in terms of various aspects, including the working gas,
wire material and size, configuration of wire layers,
chamber structure and material. Drift cells that are
much smaller than regular small cells and yet maintain
a very low material budget for the whole detector should
be designed. The adoption of such drift cells would
shorten the maximum drift time in a drift cell and thus
make the response of the detector faster, allowing it to
better cope with the high count rate and physics event
rate. The structure of the drift chamber should be
designed, including a detailed deformation analysis that
fully takes into account wire tensions and their possible
creep effects.

R&D of low-mass wires

Electrode wires are one of the primary contributors to
the material budget of a drift chamber. It is therefore of
great importance to develop low-mass wires for use in a
drift chamber. Invention of such low-mass wires could

represent a breakthrough in drift chamber technology.
The use of low-mass wires would also require much less
tension to be applied to the wires than necessary when
using regular metal wires. This would effectively reduce
the total load on the endplates of the drift chamber due
to the wire tension and hence leave much more room for
the design and engineering of a light chamber structure.
Ideas regarding using light polymeric fibers or carbon
monofilaments coated with low-mass metals as wires for
a drift chamber have been proposed and are being
explored by some Italian groups. This could serve as one
direction to pursue in the R&D of low-mass wires for the
STCF drift chamber.

R&D of high-density wiring

Very small drift cells imply a very large number of
closely spaced wires in a drift chamber. This poses a
great challenge to wiring the drift chamber, which
includes threading wires through the chamber and fixing
them at the endplates. In this case, manual wiring is
unlikely to be adequate, and regular feedthroughs can no
longer be used to hold wires. Thus, an automatic wiring
method along with the corresponding key devices need
to be developed to enable efficient and accurate wiring
operations. A mnovel method to fix wires without
feedthroughs also needs to be developed.

R&D of readout electronics

The MDC readout electronics consist of a tran-
simpedance amplifier (TTA) followed by a shaping
circuit and an analog-to-digital converter (ADC). The
digitized signals are further filtered and processed to
reduce the pile-up and enhance the SNR by a data
processing circuit. The charge and time information of
the signals are extracted with the processed data. The
hardware components of the MDC readout electronics
include front-end electronics (FEE), readout units
(RUs), and subclock and subtrigger modules. Dedicated
R&D work on the readout electronics is needed to meet
the requirements for precise time and charge measurements
under high rate conditions. Two technical approaches
are planned for R&D, one based on discrete devices and
the other on ASIC chips. The primary weight would be
placed on the design and development of an ASIC chip
suitable for the STCF drift chamber. The proposed
ASIC chip incorporates a TIA, a discriminator and a
shaping circuit. The transistor parameters and feedback
resistance of the TIA should be carefully optimized in
terms of circuit input impedance, bandwidth, and
dynamic range.

Development and characterization of a full-size
drift chamber prototype

A full-length drift chamber prototype designed for the
STCF needs to be developed using all the key techniques
and components developed for the drift chambers. The
design of the prototype should closely follow the optimized
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design of the STCF drift chamber. The prototype would
also be fully instrumented with the readout electronics
developed for the STCF drift chamber. The prototype
along with its readout electronics will be fully tested and
characterized to validate the design of the STCF MDC
and the key techniques and components of the drift
chamber.

5.2.3 RICH

The STCF PID barrel detector, a RICH detector, is
designed to provide a w/K misidentification rate lower
than 2% in the momentum range up to p=2.0GeV/c,
with the corresponding identification efficiency being
larger than 97% under a high luminosity environment.
Comprehensive research is needed on the following
items.

Radiator study

The radiator is essential for the RICH detector. For
the STCF momentum range, liquid CgFy4 is chosen as
the radiator. Although this type of radiator has been
successfully used in the ALICE experiment, several
aspects need further study to fulfill the STCF require-
ments, for example, the refractive index wvaries with
pressure and temperature and needs to be calibrated,
and the UV transmission rate and the radiation hardness
need to be investigated. Additionally, purification
systems and online monitoring systems are essential to
guarantee long-term stable operation and need to be
further researched. In addition, research on new radia-
tors, such as photonic crystals and silicon aerogels, is
being carried out.

Large area gaseous UV-photon detector

The hybrid micropattern gaseous detector THGEM
with a Csl-coated photocathode and Micromegas is the
baseline design for the large-area UV-photon detector.
To achieve a high detection efficiency for Cherenkov
radiation, the quantum efficiency of the Csl cathode
should be relatively high and uniform. Thus, it is necessary
to study the decrease in quantum efficiency for different
working gases and electric extraction fields and different
pre- and post-treatments for the CsI coating. The ampli-
fication of the gaseous detector must be large enough for
single photon—electron detection, and the ion back flow
must be low. The detector also must be expandable with
minimum dead space.

Readout electronics

Considering the large channel number, on the order of
10*, and the requirement of high-precision signal
measurements, it is preferable to implement an applica-
tion-specific integrated circuit (ASIC) that can integrate
front—end analog circuits and analog-to-digital conversion
circuits within the chips to reduce the system complex-

ity.

RICH prototype

To verify the performance and PID capabilities of the
RICH detector, a large RICH prototype will be developed
to demonstrate the feasibility of the detector. The proto-
type will be expandable toward future STCF experiments
with a connected liquid radiator purification system. A
beam test for a small prototype with 160 x 160 mm?
sensitive area has been performed at DESY with
5 GeV/c electron beam. Full-size module will be built
and the beam test will be performed. The result will be
compared with Monte Carlo simulations. The FEE and
DAQ electronics will also be commissioned with the
prototype.

524 DTOF

According to the operation environment and physics
requirements of the STCF imposed on the endcap PID
subsystem, a DTOF detector, we will carry out extensive
R&D on the key technologies of the DTOF detector and
readout electronics. In the following, the main research
items are listed.

The DTOF detector

In terms of achieving high-precision time measure-
ment, key technologies of the DTOF detector include
the optical design of the radiator and photosensor, fine
processing of a large area radiator (fused silica) and fast-
response photoelectric detection technology. The design
of the radiator structure, especially its optical perfor-
mance, is very important for a DIRC detector. Another
technical challenge is the high-precision processing and
surface control of large-area radiators, which will be
studied in cooperation with the Beijing Special Glass
Research Institute. Research on fast-response photoelectric
detection technology includes the design and development
of MCP-PMT readout circuits and the suppression of
signal oscillation and crosstalk.

Readout electronics

The output signals of the MCP-PMTs in the DTOF
detector demonstrate a very short rise time and a very
narrow width, which poses a significant challenge for
high-precision readout electronics. To fully exploit the
timing potential of the MCP-PMTs, the following R&D
topics are important: multithreshold high-precision
timing technology based on an FPGA TDC, including
studies on the ultrafast signal processing and timing
circuits; high-precision and highly integrated TDC tech-
nology development based on FPGAs; application
specific integrated circuit (ASIC) development for the
DTOF detector; multichannel high-precision clock
synchronization and distribution technology; and the
design and realization of high-bandwidth data acquisition
system.
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DTOF prototyping

Verifications of the key technologies and the system-
level detector performance are important to demonstrate
the feasibility of the DTOF detector. Through the oper-
ation of a large-size DTOF prototype and comparison of
experimental test data to simulation results, the perfor-
mance of the technology and the important features in
the design, processing, installation and testing of the
DTOF detector will be explored and understood.
Further optimization of the DTOF engineering design
can be achieved to fulfill the required PID capabilities of
the STCF experiment.

Radiation resistance and aging

In STCF operation, the spectrometer system will
encounter an unprecedented radiation dose, which poses
a great challenge in terms of the radiation resistance of
the detector and the front—end (FEE).
Particularly important are the radiation hardness of the
ASIC chip and the aging properties of the photosensors,
(i.e., the MCP-PMTs). The R&D of the ASIC chip
needs to include radiation reinforcement technology.

electronics

52.5 EMC

The main function of the electromagnetic calorimeter
(EMC) of the STCF is to realize accurate measurements
of photon energy, position and arrival time under the
conditions of high background count rates. For 1 GeV
photons, the energy resolution should be better than
2.5%, and the position resolution should be better than
5 mm. In addition, the time resolution should reach 300
ps @ 1 GeV to distinguish neutral particles (neutrons,
photons). The pure cesium iodide crystal (pCsI) has the
advantages of radiation hardness and fast time response.
It is a very promising option for the EMC of the STCF
spectrometer. In the following, the main R&D items are
listed.

Light yield study

For the measurement of low-energy photons, the light
yield of a crystal directly determines its energy measure-
ment accuracy. It is necessary to study the crystal light
yield according to the fluorescence characteristics of the
pCsl crystal (wavelength band, decay time, etc.). On the
basis of previous research, further study on wavelength
shifting materials is likely to improve the light yield of
the pCsl crystal.

Electronics study

The EMC readout electronics mainly include two
modules: a preamplifier module and a digital processing
module. The preamplifier module includes a photoelectric
conversion device, an APD, and a front—-end amplification
circuit. According to the requirements for high precision
and large dynamic range detection of the EMC, a design

yielding low noise and large dynamic range needs to be
obtained for the preamplifier module. Additionally, the
preamplifier module needs an antistacking design to
solve the problem of preamplifier circuit saturation
caused by a high background and high signal counting
rate.

Pileup study

To cope with the high background, in addition to
reducing the recovery time of the readout circuit as
much as possible in the hardware design, the analysis
method still needs to be studied. It is planned to use a
multiwaveform fitting method in the readout of the
EMC, and it is also essential to verify the feasibility of
this method with simulations and experiments.

Time measurement study

It is planned to use waveform sampling readout and
online waveform fitting to realize high-precision time
measurement based on the premise of controllable data
size. The detailed algorithm and technical implementation
need to be studied.

Prototype study

To verify the performance of the EMC, a small prototype
needs to be developed, such as a 3 x 3 or 5 x 5 crystal
array. This includes batch testing of crystals, photoelec-
tronic devices and electronics, and finally, the test
process and test standards must be established.

52.6 MUD

According to the intensive background at the STCF, the
conceptual design of the muon detector (MUD) adopts
an innovative approach combining an inner RPC detector
and an outer plastic scintillator (PS) detector to avoid
interference from background while retaining the
required muon-ID abilities. To realize such a design,
R&D on various subjects is necessary, including PS+
SiPM technology, RPC technology and readout electron-
ics. A large prototype of the hybrid MUD is needed to
verify the design and basic performance of the detector.
The studies will involve the following:

o R&D of a high-rate (up to approximately 100 kHz/
channel) and large-area (size > 0.5 m? and length > 1 m
for a single module) RPC detector.

o R&D of the large-size (size > 0.5 m? and length > 1
m for a single module) MUD module based on a plastic
scintillator 4+ wavelength shifting fiber (WLS) + SiPM
technology.

e R&D of an electronic system suitable for both RPC
and SiPM signal processing, which is required to exhibit
a compact structure, low power consumption, high effi-
ciency, radiation resistance and precision timing (< 100
ps).

o Construction and testing of an MUD prototype
with 6 or more layers, equipped with a complete readout
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electronics system, to study the feasibility of the MUD.

e Study on the MUD performance in a high rate and
high radiation environment to explore the dependence of
muon-ID abilities with a high background level.

5.2.7  Solenoid

The proposed 1 T solenoid with a 3 m diameter bore for
the STCF detector solenoid magnet can be realized by
adopting a self-supporting aluminum stabilized low
temperature NbTi superconductor. However, a low-mass
superconductor and thin-wall structure are important to
make the solenoid more transparent so that particles can
more easily cross the solenoid. R&D activities will focus
on key technologies such as special superconductors,
large superconducting coil manufacturing processes and
liquid helium thermosiphon cooling.

o In the first stage, to develop a special low-temperature
superconductor, an innovative coextruding technique
will be used. A Rutherford cable that consists of strands
of NbTi wires will be inserted into a pure aluminum
stabilizer, forming an aluminum stabilized cable. This
cable will then be inserted into high mechanical strength
aluminum alloy reinforcement. The critical current I.
must exceed 6 kAQ@4.2 KQ4T.

e In the second stage, automatic winding equipment
with the ability to wind a superconducting coil with a 3
m aperture will be developed.

e In the third stage, a method of liquid helium ther-
mosiphon cooling for large superconducting solenoids
will be developed. To study the phase transition process
of helium in the circuit, the changes in the temperature
distribution and the density distribution over time, a
superconducting prototype of a suitable-scale ther-
mosiphon circuit will be established for simulation and
verification before formal solenoid construction.

52.8 TDAQ

The data acquisition (DAQ) system performs the data
processing and the system control of the STCF experi-
ment, such as the L1 trigger data readout, data
compression, information extraction, event building,
high-level trigger (HLT) computing, parameter configu-
ration, status monitoring, and online data decimating. In
the STCF, the DAQ system is expected to process the
data from ~50.6 M FEE channels at an L1 trigger rate
of approximately 400 kHz, with a total data rate after
the L1 trigger of ~30 GB/s. Aiming at such design goals,
the following studies on the STCF DAQ system design
are being planned:

e Design of high-performance electronic modules used
in the DAQ system to provide more interfaces, higher
transmission speed, more resources, and lower average
power consumption and cost for each channel;

e High-speed data transmission and processing tech-
niques supported by high-speed interfaces, high-speed
networks, high-performance computing systems, high-
performance firmware and software and high-speed storage
techniques;

o Design of the DAQ architecture to perform real-
time trigger generation, trigger matching, and event
building at a high trigger rate level of 10° ~ 10% Hz,
supporting both the trigger mode and trigger-less mode;

e The trigger algorithm and its real-time hardware or
software implementation techniques in trigger-less mode;

e Techniques that can improve the robustness, relia-
bility, maintainability and scalability of the system:;

e Design of system operation and management of
both the DAQ system and other related systems, such
as the trigger system (under trigger mode), slow control
system, fast control system, and online system.

5.2.9

Software

Offline software is designed and developed for Monte
Carlo simulation and offline data processing. It mainly
consists of a software framework, detector simulation,
calibration and reconstruction as well as physics analysis
tools. In the prestudy phase of the STCF experiment,
offline software is deployed to optimize the detector
options and study the detector performance as well as
the physics potentials. After the experiment is running,
it will be used to conduct complicated offline data
processing on the data collected with the detector and to
convert them into physics results.

The STCF, with a peak luminosity of
0.5 x 10%® ecm=2 . s7! or higher, producing a data sample
approximately 100 times larger than current r-charm
factories, presents a very large challenge for offline software
and computing in terms of both rate and complexity;
therefore, a specific offline software needs to be
redesigned and developed with the state-of-art technologies
to meet the STCF requirements. The main tasks are
listed below.

Development of a high-performance software
framework

One of the great challenges of the STCF offline software
is the management and processing of a higher volume of
data (approximately several petabytes per day) than the
present 7-charm factories; the software framework,
providing common functions for offline data processing
and integrating all the applications into the unified software
platform, plays a very important role. Therefore, one of
the most crucial tasks is to design and develop a new
framework that supports heterogeneous computing,
including algorithms, data models and workflows
running in heterogeneous environments, and provides
interfaces to new toolkits, such as machine learning
toolkits, 10 systems, and simulation engines.
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Development of fast and accurate detector
simulation suites

Detector simulations serve many purposes at each
point in the lifecycle of the STCF facility. The new
toolkit DD4hep is adopted for the detector description,
including the ITK, MDC, RICH, DTOF, EMC and
MUD, as well as the MDI and support systems. A detector
geometry management system is needed to manage
different versions of subdetector options, to support fast
iterations of detector performance studies and to provide
consistent geometry information for different applica-
tions, such as detector simulation, reconstruction and
visualization. Further study on the accuracy of detector
description, the physics interaction of the different types
of particles with the detector medium, and a realistic
electronics response is the part of the detector simulation
most crucial to achieving a high degree of compliance
between the simulation and the data. Additionally, it is
necessary to explore emerging technologies, such as
parallel computing, heterogeneous computing and
machine learning toolkits, to speed up the detector simu-
lation and improve its performance.

Development of the calibration methods and
algorithms

The main task is to study the calibration methods for
the key measurements from each subdetector, such as
the relationship between drift distance and drift time,
event start time, energy loss of the MDC, refractive
index of the PID radiator, energy and position of the
shower from the EMC, and noise level of the MUD, to
develop the corresponding calibration algorithms and
establish the complete calibration system to perform
accurate conversions between electronic readouts and
physical quantities, minimizing the influence of external
factors of the experiment and the operating status of the
detector itself on the physical measurements.

Development of event reconstruction methods
and algorithms

Event reconstruction is a very complicated and chal-
lenging task in offline data processing, including recon-
struction of the charged tracks, electromagnetic showers
and particle identifications to produce the momentum,
energy and type of the particles for further physics anal-
ysis. For the charge tracks, we develop a track finding
method with conformal transformation and Hough
transformation, a track fitting method based on the
deterministic annealing filter (DAF) and track extrapo-
lation based on GEANT4. The likelihood-based PID
methods are also studied for the RICH and DTOF
detectors. The procedure for the EMC shower is also
built up from clustering, seed finding, cluster splitting
and the correction of the energy. For the MUD, one
algorithm is developed based on the BDT method.
Further study of these methods is crucial to achieving

the design specifications of the detector hardware.
Development of physics simulation software

In the prestudy stage of the STCF, a parameterized
(fast) simulation toolkit is necessary for detector opti-
mization and determining the physics potential capabilities
of the STCF. The fast simulation takes as inputs the
response of physical objects in each subsystem of the
detector, including the resolution, efficiency and related
variables for the kinematic fit and the secondary vertex
reconstruction algorithm. Therefore, the physics signal
significance can be used as a metric to evaluate the
detector options and the physics reach studies. The
further optimization of the current fast simulation tool
according to the new requirements of the physics study
and detector design is one of the key tasks of offline soft-
ware.

5.2.10  Physics

The physical potentials at the STCF are presented in
CDR Volume 1. During R&D, it is necessary to provide
a feasibility study of these physics programs under the
software framework developed at the STCF, which can
be achieved by establishing and optimizing the recon-
struction algorithm, developing the physics tools for
partial-wave analysis or Argand diagram analysis,
analyzing the systematic uncertainty sources and finally
extracting the key physical parameters. The physics
simulation will be expanded in terms the following three
aspects.

e The hadron spectrum and hadronic structure,
including studies on properties of XY Z particles; spectrum
analysis of light hadrons; charmonium states and charm
hadrons; precise tests of SM parameters such as muon
anomaly magnetic moments, R values and r-mass; and
hadronic structures from electromagnetic form factors
and fragmentation functions. At higher CME /s >
5 GeV, a feasibility study of searching for penta-quark,
doubly charm baryon, and di-charmonium production
will be carried out under the guidance of theory. Useful
physical tools will be developed during the R&D for a
highly efficient physics analysis.

e Flavor physics and CP violations. The STCF will
be a flavor factory with very large amounts of charm
hadrons produced. In R&D, a sensitivity study of the
fundamental parameters will be performed including the
CKM matrix elements |Veg|, [Vea|, 7/¢3 of the CKM trian-
gle, D°—D° mixing, decay of charm hadrons, etc. In addi-
tion, the sensitivity of C'P violations at the STCF from
various aspects in the hyperon, r-lepton and charm
hadron sectors will be studied under unpolarized and
polarized electron beams. In these studies, the sources of
systematic uncertainty should be carefully examined to
match the unprecedented statistical uncertainty accu-
racy.

e Probing of new physics beyond the SM. During
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R&D, the mixing strengths of new particles, such as
dark photons and millicharged particles, will be studied
at the STCF to test various models beyond the SM.
Sensitivity studies of the processes that violate quantum
number conservation such as lepton flavor violations,
lepton number violations or baryon number violations,
and flavor-changing-neutral-current processes will be
carried out. Moreover, the rare decays from J/y, charm
meson decays will be studied with large data samples.
The background needs to be carefully analyzed in these
studies to achieve a high level of sensitivity. This is
expected to extend the reach of the current experimental
efforts in both the energy and intensity frontiers and to
make several quantitative estimations of the sensitivities
in the probing of these new physics to test several
scenarios beyond the SM.
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