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Future Physics Programme of BESIII*

Abstract: There has recently been a dramatic renewal of interest in hadron spectroscopy and charm physics. This renaissance
has been driven in part by the discovery of a plethora of charmonium-like XYZ states at BESIII and B factories, and the obser-
vation of an intriguing proton-antiproton threshold enhancement and the possibly related X(1835) meson state at BESIII, as
well as the threshold measurements of charm mesons and charm baryons. We present a detailed survey of the important top-
ics in tau-charm physics and hadron physics that can be further explored at BESIII during the remaining operation period of
BEPCII. This survey will help in the optimization of the data-taking plan over the coming years, and provides physics motiva-
tion for the possible upgrade of BEPCII to higher luminosity.
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Chapter 1

Introduction

1.1 Motivation

The purpose of this White Paper is to examine the
BESIII program [1], to consider further physics opportun-
ities, and to plan for possible upgrades of the BEPCII ac-
celerator and the BESIII detector [2], in order to fulfill
the physics potentials of the BESIII experiment. The BE-
SHI Yellow Book [1] documented the original plan for
the BESIII physics program before its commissioning.
The discovery of the Z.(3900) [3], followed by many ex-
perimental results for the XYZ hadrons by BESIII [4-6],
were pleasant surprises, which were not foreseen in the
Yellow Book. Another surprise came from the first sys-
tematic absolute measurements of the A} decay proper-
ties based on the thereshold A} A7 pair production [7, 8].
The physics of the XYZ hadrons and (heavier) charmed
baryons has also become the focal point of the Belle II
and LHCb experiments, and is an exciting area for the
BESIII experiment in the future. In addition, a full spec-
trum of other important experimental opportunities, as
discussed in this White Paper, will be continually pur-
sued by BESIII, such as light hadron spectroscopy and
charmed meson physics.

The integration of quantum theory and Maxwell ’s
electrodynamics has led to a new, powerful theoretical
scenario, quantum electrodynamics (QED), which was
the first building block of what is called today the Stand-
ard Model (SM) of particle physics. Experimental pro-
gress led to discoveries of new particles and characteriza-
tion of their properties, which helped to develop the the-
oretical framework towards a common understanding of
the weak and electromagnetic interactions, called the
electroweak theory. The modern theory of the strong in-
teraction, called quantum chromodynamics (QCD), was
modeled in a similar way and based on the exact color
SU(3) symmetry of quarks and gluons.

Despite being very successful, several issues remain
un-answered in SM. The strong interaction only allows
the existence of composite objects; free quarks and
gluons have never been observed. This is called confine-
ment, but it is far from being theoretically understood due
to its non-perturbative nature. A detailed study of com-
posite objects and their properties will shed light on this
part of QCD. Furthermore, it is suspected that additional
features or underlying symmetries beyond SM might not
have been discovered yet, which is usually summarized
by the term ‘new physics’.

The hadron physics experiments in the 1970 °s and
1980°s concentrated on studying the spectroscopy of the

newly discovered hadrons containing relatively heavy
charm and bottom quarks, or tried to understand specific
questions in the light-hadron sector with dedicated exper-
iments. For the heavy-quark mesons, no clearly superflu-
ous or ambiguous hadron states have been reported. The
recent discoveries of ‘exotic > charmonium-like states
have made the picture more complicated [9-12]. Further-
more, the situation has always been less straightforward
for light mesons and baryons containing only light quarks
[13]. Here, the high density of states and their broad
widths often make the identification and interpretation of
observed signals rather ambiguous. So far the unambigu-
ous identification and understanding of gluonic hadrons is
clearly missing. However, the self-interaction of gluons is
central to QCD and leads to a flux tube of gluons binding
the quarks together inside a hadron. Due to the self-inter-
action, bound states of pure gluons (named glueballs), or
their mixing with conventional mesonic state, should ex-
ist as well as the so-called hybrids, where quarks and
gluonic excitations contribute explicitly to the quantum
numbers.

The energy regime in which BESIII is operating and
the detector design allow a detailed study of charmonium
and the light-quark region. Charmonium physics re-
ceived a major renewal of interest in the 2000 °s when
many new, unexpected resonances, called X, ¥ and Z
states [9-12], were discovered but could not be accom-
modated by the quark model. Many of those were found
by Belle, BaBar, CDF, DO and later the LHC experi-
ments, but only BESIII is dedicated to the energy region
where most of these states appear. It is therefore not sur-
prising that detailed studies with a much higher statistics
can only be performed at BESIII. Nowadays, BESIII is
one of the main contributors to the understanding of the
XYZ states. At the same time, the high production cross-
section of charmonia at BEPCII together with a modern,
almost hermetic detector for charged and neutral
particles, allows also high-precision studies of light-quark
hadrons in the decay of charmonia. Since this decay into
light quarks proceeds via gluons, it is likely that the de-
sired studies of gluonic excitations may be performed at
BESIII, as is shown in this White Paper.

Despite the discovery of the charm quark more than
40 years ago, many questions about charmed particles
still remain unsolved [9-12]. An upgraded BEPCII and
BESIII can make key contributions to the lepton flavor
universality, unitarity of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, validity of Ilattice QCD
(LQCD), as well as theories of decay constants and form
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factors, by studying the leptonic and semileptonic decays
of charmed particles. These studies can give insight into
the applicability of QCD in low-energy nonperturbative
context and can greatly expand our knowledge of
charmed baryon properties. Open questions include the
missing A, decay modes (e.g. those with as yet undetec-
ted neutral or excited final-state baryons) and baryon
electromagnetic structure.

1.2 The BESIII detector and its upgrades

The BESIII detector and BEPCII accelerator repres-
ent major upgrades over the previous version of BES [14,
15] and BEPC [16]; the facility is used for studies of had-
ron physics and 7-charm physics. The BEPCII collider,
installed in the same tunnel as BEPC, is a double-ring
multi-bunch collider with a design luminosity of
1x10* ecm™2s~! optimized at a center-of-mass (cms) en-
ergy of 2x1.89 GeV, an increase of a factor of 100 over
its predecessor. The design luminosity was reached in
2016, setting a new world record for the accelerator in
this energy regime [17].

The BESIII detector is designed to fulfill the physics
requirements and the technical requirements for a high lu-
minosity multi-bunch collider. Detailed description of the
BESIII detector can be found in Ref. [2]. Figure 1.1
shows a schematic view of the BESIII detector, which
covers 93% of the 4x solid angle. It consists of the fol-
lowing components:

e Helium-gas based drift chamber (MDC) with a
single wire resolution that is better than 120 pm and a
dE/dx resolution better than 6%. The momentum resolu-

5100

Fig. 1.1.

(color online) An overview of the BESIII Detector.

tion in the 1.0 T magnetic field is better than 0.5% for
charged tracks with a momentum of 1 GeV/c.

® CsI(TI) crystal calorimeter with an energy resolu-
tion that is better than 2.5% and position resolution better
than 6 mm for 1 GeV electrons and gammas.

e Time-of-Flight (TOF) system with an intrinsic tim-
ing resolution of 68 ps in the barrel part and 110 ps in the
end-cap part.

e Super-conducting solenoid magnet with a central
field of 1.0 Tesla.

e O-layer RPC-based muon chamber system with a
spatial resolution that is better than 2 cm.

Details of each sub-detector and their performance, to-
gether with the trigger system, are discussed in Ref. [2].

The BESIII detector has been operating since 2009,
and BEPCII has delivered around 30 fb"' of integrated lu-
minosity at different cms energies. The experiment has
received several upgrades, and new upgrades of both the
detector and accelerator are being considered.

1.2.1 Upgrade of ETOF

In order to improve the capability for particle identi-
fication of the BESIII experiment, the end-cap time-of-
flight (ETOF) detector was upgraded with the multi-gap
resistive plate chamber (MRPC) technology in 2015 [18].
MRPC is a new type of gaseous detector that has been
successfully used as TOF detector in several experiments.
The new ETOF system of BESIII consists of two end-
caps; each end-cap station has 36 trapezoidal shaped
MRPC modules arranged in circular double layers as
shown in Figs. 1.2 and 1.3. Each MRPC is divided into
12 readout strips which are read out from both ends in or-
der to improve the timing resolution. The readout elec-
tronics system of MRPC detectors consists of FEE
boards, time-to-digital conversion modules, calibration-
threshold-test-power board, fast control module and a
clock module in NIM crates that communicates with and
is controlled by the data acquisition system. A multi-peak

Fig. 1.2. (color online) Schematic drawing of MRPC ETOF
at BESIII.
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radiation damage of the inner chamber, a cylindrical gas
electron multiplier (CGEM) has been selected as one of
the options for the upgrade, due to its attractive features
such as high counting rate capability and low sensitivity
to ageing. The CGEM inner tracker (CGEM-IT) project
deploys a series of innovations and special attributes in
order to cope with the requirements of BESIII, as listed in

Rl
honeycomb  readoutstrip PCB mayler electrode glass

Fig. 1.3.  (color online) The cross-sectional view of the
MRPC module along its length.

phenomenon in the time-over-threshold distribution was
observed, and the reflection of the inductive signal at the
ends of the strip is the main contribution. An empirical
calibration function based on the analysis of the correla-
tion of raw measured time, time-over-threshold and extra-
polated hit position of the charged particle, is implemen-
ted using the real data for Bhabha events. Performance
checks show that the overall time resolution for pions
with a momentum around 0.8 GeV/c is about 65 ps,
which is better than the original design goal.

1.2.2  Upgrade of Inner MDC with a CGEM inner tracker
MDC is the main tracker of BESIII with the capabil-
ity of accurate measurements of the position and mo-
mentum of charged particles produced in e*e™ collisions,
as well as charged particles identification by measuring
dE/dx. MDC is a low-mass cylindrical wire chamber with
small-cell geometry, using helium-based gas and operat-
ing in a 1 T magnetic field. It consists of an inner cham-
ber (8 layers) and an outer chamber (35 layers), which are
joined together at the endplates and share a common gas
volume. After running since 2009, MDC is suffering
from ageing due to beam-induced background with a hit
rate up to 2 kHz/cm? [19], which has caused the cell gains
of the inner chamber to drop dramatically (about 39%
drop for the first layer cells in 2017 as shown in Fig. 1.4),
and has furthermore led to a degradation of the spatial
resolution and reconstruction efficiency. Because of the

-
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Fig. 1.4. (color online) Relative gain decrease of the cells in
the MDC layers for each year of operation.

Table 1.1. List of requirements for the new inner tracker.

Value Requirements
Oy <130 um
0z <1 mm
dp/p for 1 GeV/c 0.5%
Material budget <1.5% X,
Angular Coverage 93%x4n
Hit Rate 10* Hz/em”
Minimum Radius 65.5 mm
Maximum Radius 180.7 mm

Table 1.1.

CGEM-IT consists of three layers of triple cylindric-
al GEM [20], shown in Fig. 1.5. Each layer is assembled
with five cylindrical structures: one cathode, three GEMs
and the anode readout (see Fig. 1.5) [21]. The GEMs and
electrode foils are produced in planes and then shaped as
cylinders. The assembly is performed inside a vertical in-
serting machine. To minimize the material budget, there
are no support frames inside the active area, and the GEM
foils are mechanically stretched as they are glued to Per-
maglass rings at their ends. The Permaglass rings are
used only outside the active area and operate as gas seal-
ing structure and gap spacers. A sandwich of PMI foam,
called Rohacell, and kapton is used to provide mechanic-
al rigidity to the anode and cathode electrodes. Rohacell
is a very light material that limits the material budget to
0.3% of the radiation length (Xj) per layer.

The readout anode circuit is manufactured with a 5
um copper clad, 50 um thick polyimide substrate. Two
foils with copper segmented strips are used to provide
two-dimensional readout. The strip pitch is 650 pm, with

\“ductiOn
e —
/1ransf.e.r~2\
& r.:-n:?er ~ Anode
2 mm / 1‘—__. \ \ EERiS
2mm\

/ nvers,o\ GEM2
2mm™\ gdrifg 7 GEM1

5 m"\/-\
cathode

Fig. 1.5.  (color online) Cross-section of the triple GEM de-
tector used in BESIII CGEM-IT.
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570 um wide X-strips parallel to the CGEM axis provid-
ing the r—¢ coordinates. The V-strips, having a stereo
angle with respect to the X-strips, are 130 um wide and
together with the other view, give the z coordinate. The
stereo angle depends on the layer geometry. A jagged-
strip layout is used to reduce the inter-strip capacitance
up to 30%. An innovative readout based on analogue in-
formation and data-pushing architecture has been de-
veloped. A dedicated ASIC has been developed to
provide time and charge information from each strip.

In order to verify that CGEM-IT can reach the re-
quired performance, an extensive series of beam tests has
been conducted in the last few years as part of the test
beam activities of the RD51 Collaboration at CERN. The
tests were performed both of the 10x10 cm? planar GEM
chambers and of the cylindrical prototype with the di-
mension of the second layer of the final CGEM-IT [22].
All tests were performed in the H4 line of the SPS, in the
CERN North Area. Since CGEM-IT will operate in a
magnetic field, all test chambers were placed inside Go-

forvward trigoer
and tracking

liath, a dipole magnet that can reach up to 1.5 T with both
polarities. Pion and muon beams with a momentum of
150 GeV/c were used. Two scintillators were placed up-
stream and downstream of the magnet and operated as a
trigger. A typical setup using the cylindrical prototype is
shown in Fig. 1.6.

The performance of the planar GEM chambers in a
magnetic field was studied with the charge centroid meth-
od. The presence of an external magnetic field induces a
deformation of the avalanche shape at the anode due to
the Lorentz force: the performance of the charge centroid
method degrades almost linearly with the magnetic field
strength, as shown in Fig. 1.7. It is still possible to im-
prove the performance by a proper optimization of the
drift field, as shown in Fig. 1.8. With the proper choice of
the gas mixture (Ar/iC4H0(90/10)) and drift field (2.5
kV/cm), it is possible to achieve a resolution of 190 um
in a 1 T magnetic field.

u-TPC is another available method for track recon-
struction. It is an innovative approach that exploits the

hackward trigoer
and tracking

| |
i | . |
magnet coil,
'—
Fig. 1.6. (color online) Sketch of the setup of the CGEM test beam.
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Fig. 1.7. (color online) Resolution as a function of the mag- Fig. 1.8. (color online) Resolution as a function of drift field

netic field strength for Ar/iC4H,((90/10) and Ar/CO,
(70/30).

in the 1 T magnetic field for two drift gaps: 3 mm drift gap
and 5 mm drift gap.
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drift gap of a few millimeters as a Time Projection Cham-
ber. Indeed, the time of arrival of the induced charge on
the strip can be used to reconstruct the first ionization po-
sition in the drift gap, and thus improve the spatial resolu-
tion. The u-TPC method can improve and overcome the
limits of the charge centroid method, resulting in a spa-
tial resolution lower than 200 um for a large angle inter-
val, as shown in Fig. 1.9. Further studies are ongoing. By
merging the two methods it will be possible for the spa-
tial resolution of CGEM-IT to satisfy the requirements of
BESIII.

After the completion of CGEM-IT, a long term cos-
mic-ray test will be performed to evaluate the perform-
ance of the whole CGEM-IT before the replacement of

E 7I TTT TT T TTTT TT T T L TTTrprrrT I TT 1T I TT 1T \II\7
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Fig. 1.9.  (color online) Spatial resolution of the charge

centroid and u-TPC methods as a function of the incident
angle of the track in the 1 T magnetic field.

the inner chamber of MDC.
1.2.3  Upgrade of Inner Chamber with an improved in-
ner MDC

In addition to the construction of CGEM-IT, an im-
proved inner MDC has been built that can replace the
aged inner part of the MDC if needed [23].

The new inner MDC is designed with multi-stepped
end-plates. Each step contains one sense-wire layer and
one field-wire layer, which can shorten the wire length
which exceeds the effective detection sold angle, and
minimize the ineffective area in the very forward and
backward region, thus reducing the background event rate
of all cells, as shown in Fig. 1.10. The maximum reduc-
tion of the rate of background events is more than 30%
for the first layer cells. With this design, the new inner
MDC is expected to have a longer lifetime and improved
performance due to the lower occupancy.

The new inner MDC consists of two multi-stepped
endplates and an inner carbon fiber cylinder. The length
of the new inner chamber is 1092 mm, and the radial ex-
tent is from 59 mm to 183.5 mm, including 8 stereo sense
wire layers, comprising 484 cells in total. Similar to the
old chamber, the drift cells of the new chamber have a
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Fig. 1.10. Overview of the mechanical structure of the inner
MDC. (a) The old inner chamber. (b) The new inner cham-
ber.
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Fig. 1.11. End view of the new inner chamber and the lay-
out of the cells. (a) End view of the new inner chamber. (b)
The drift cells of the chamber.

nearly square shape, as shown in Fig. 1.11. The size of
each cell is about 12 mmx12 mm with a sense wire loc-
ated in the center, surrounded by eight field wires. The
sense wires are 25 pm gold-plated tungsten wires, while
the field wires are 110 pm gold-plated aluminum wires.
For the construction of the new inner chamber, two
aluminum endplates were manufactured with an eight-
step structure for each one. A total of 2096 wire holes
with a diameter of 3.2 mm were drilled in each endplate
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with the mean tolerance of 14 um. A carbon fiber inner
cylinder with a thickness of 1.0 mm, was covered with
two layers of 100 um thick aluminum foils on its inner
and outer surfaces for electromagnetic shielding. The en-
dplates and the cylinder were assembled with a precision
better than 30 um. Wire stringing was performed after
the mechanical structure was assembled. Good quality of
wire stringing was achieved by monitoring the wire ten-
sion and leakage current during the stringing. The non-
uniformity of wire tension was less than 10%, and the
leakage current was lower than 2 nA for each wire.

After the completion of the construction of the new
chamber, a cosmic-ray test without magnetic field was
carried out to evaluate its performance, shown in Fig.
1.12. The results of the cosmic-ray test showed that the
new inner chamber achieves a spatial resolution of 127
um and a dE/dx resolution of 6.4%, shown in Fig. 1.13
and Fig. 1.14, which satisfy the design specifications.
These measurements verified the successful construction
of the new chamber. The new inner chamber is now ready
to be used if needed.

A decision on whether to install CGEM or the new in-
ner MDC will be made according to the results of their
beam and cosmic-ray tests.

Fig. 1.12.  (color online) The cosmic-ray test of the new in-
ner MDC.
5000_— entries 141013
F mean -0.0001854
Y I TR TR Sndf 53091154
4000F 7=\ porpsP T porpsl’ %0 4360£18.7
o i somuelids
o = m . O£
% 3000F . 0 345.6£12.0
= n P4 —-0.001984+0.002088
= F 3 0280930.0032
© 2000
1000F

0 P | i |
-1.0 -0.8 0.6 0.4 -0.2 0
residual/mm

Fig. 1.13.
showing the results of a fit with a double Gaussian function.

Residual distribution of the new inner MDC
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Fig. 1.14. The dE/dx resolution of the new inner MDC
showing the results of a fit with a single Gaussian function.

1.3 BEPCII upgrades

BEPCII delivered its first physics data in 2009 at the
w(3686) resonance. Since then, BESIII has collected
about 30 fb~! of integrated luminosity at different ener-
gies, from 2.0 to 4.6 GeV. By using these data samples,
the BESIII collaboration has published more than 270 pa-
pers, which have made significant contributions to had-
ron spectroscopy, tests of various aspects of QCD,
charmed hadron decays, precision tests of SM, probes of
new physics beyond SM, as well as v mass measurement.
Nowadays, the BESIII experiment plays a leading role in
the study of the 7-charm energy region.

During the past 10 years of successful running, a bet-
ter understanding of the machine was achieved. With the
increasing physics interest, two upgrade plans of BEPCII
were proposed and approved. The first one is to increase
the maximum beam energy to 2.45 GeV, to expand the
energy territory. The second is the top-up injection to in-
crease the data taking efficiency. The activities related to
these two upgrades began in 2017.

Before 2019, the beam energy of BEPCII ranged from
1.0 to 2.3 GeV. In order to extend the physics potential of
BESIII, an upgrade project to increase the beam energy to
2.45 GeV was initiated. In order to achieve this goal,
some hardware modifications were necessary, including
the power supplies of the dipole magnets, power supplies
of the special magnets in the interaction region, and the
septum magnet and its water cooling system. These hard-
ware modifications were completed during the summer
shutdown in 2019, while the commissioning will be fin-
ished by the end of 2019. However, it is expected that
when the machine is running in the high energy region
above 1.89 GeV, the beam current will decrease due to
the limitations related to the radio frequency (RF) power
and difficulties in controlling the bunch length and emit-
tance. Hence, the peak luminosity decreases when the
beam energy is increased, as shown in Fig. 1.15. In the
future, it would be interesting to investigate the possibilit-
ies of a slight increase of the beam energy to 2.5 GeV and
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Fig. 1.15.  (color online) The estimated peak luminosity of
BEPCII in the energy region above 2.1 GeV.

a slight decrease to 0.9 GeV, that are interesting for the
studies of . and nucleon production, respectively.

The top-up injection is a highly efficient operation
scheme for the accelerator [24], which provides a nearly
constant beam current. As there is no stop for beam re-
filling, the integrated luminosity can be increased by 20%
to 30% for long data taking runs. The BEPCII upgrade of
the top-up injection for the collision mode has started in
September 2017. In order to obtain a stable online lumin-
osity, the beam current fluctuation is controlled within
1.5% with one e* injection and two e~ injections every 90
seconds, so that the variation of the instantaneous lumin-
osity is less than 3% of its nominal value. The injection
rates of the ¢* and ¢~ bunches must be higher than 60
mA/min and 180 mA/min, respectively. The commission-
ing of the top-up injection began after the summer shut-
down in 2019 and will be finished by the end of the year.

There are also discussions on further machine lumin-
osity upgrades. The recently proposed crab-waist colli-
sion scheme [25] is believed to be essential for the lumin-
osity challenge of the next-generation high luminosity
e"e” colliders. The possibility of a crab-waist scheme at
BEPCII has been considered since 2007. However, it was
found impossible if only minor changes on the current
design are allowed. A recent upgrade proposal of BEP-
CII based on the crab-waist scheme was discussed in de-
tail in Ref. [26], which presents an upgrade project with a
peak luminosity of 6.0x 10** cm=2s~!. This is 10 times
higher than the achieved luminosity of BEPCII at the
beam energy of 2.2 GeV. The crab-waist scheme with a
large Piwinski angle is suggested to be adopted with
modifications of the BEPCII parameters. The 8 functions
at the interaction point are to be modified from 1.0 m/1.5
cm to 0.14 m/0.8 cm in the horizontal and vertical planes,
respectively. The emittance is to be reduced from 140 nm
to 50 nm with damping wigglers. Regarding this propos-
al, a detailed design of the crab-waist scheme has been
studied, and many physical and technical issues were in-
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Fig. 1.16.  (color online) Scenario of the BEPCII upgrade

based on the increase of the beam current. The lines show
the expected performance after the upgrade. The points in
the upper plot show the achieved values of the current BEP-
CIIL.

vestigated, such as the injection, dynamic aperture, emit-
tance coupling, high power RF, super-conducting quadru-
poles/wigglers, strong crab sextupoles, etc. It was found
that the crab-waist scheme is a complicated and time-con-
suming project which is not practical with the present
BESIII detector.

Another, more economic, way to increase the lumin-
osity is to augment the beam current, which could poten-
tially provide a factor of 2 improvement of the peak lu-
minosity. For this purpose, bunch lengthening needs to be
suppressed, which requires higher RF voltage. The scen-
ario of expected luminosity, beam current and SR power
is shown in Fig. 1.16. The RF, cryogenic and feedback
systems need to be upgraded to sustain higher beam cur-
rents. Nearly all photon absorbers along the ring and
some vacuum chambers also need to be replaced in order
to protect the machine from SR heating. The required
budget is estimated at about 100-200 million CNY, and it
will take about 3 years to prepare the equipment for the
upgrade and 1 year for its installation and commissioning.
The upgrade scheme with higher beam current is at
present more realistic than the crab-waist scheme.
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Chapter 2
Light Hadron Physics

2.1 Introduction

The generally accepted theory of the strong interac-
tion, quantum chromodynamics (QCD), remains a chal-
lenging part of the Standard Model (SM) in the low- and
medium-energy regime. In the high-energy regime,
asymptotic freedom of the partons constituting hadrons
allows systematic calculations in QCD using perturba-
tion theory. In the low-energy regime where the energies
are (much) smaller than a typical strong interaction scale,
there is a well-established theoretical method, the chiral
perturbation theory (ChPT). In the intermediate-energy
regime, the non-Abelian character of QCD requires a
non-perturbative approach, which must rely either on the
lattice QCD (LQCD) or on the QCD-inspired models.
Therefore, the study of light hadrons is central to the un-
derstanding of confinement physics.

Significant progress in the light-quark sector ap-
peared in the last few years due to unprecedented high-
statistics data sets from experiments at both electron and
hadron machines. Due to the non-Abelian structure of the
QCD bound states beyond the constituent quark degrees
of freedom, multiquark states or states with gluonic de-
grees of freedom (hybrids, glueballs) are expected. Their
unambiguous identification and systematic study would
provide a validation of and valuable input to the quantit-
ative understanding of QCD. Over the last decade, there
have been several relevant reviews [1-6] of this subject,
which cover in great detail both the meson spectroscopy
and baryon spectroscopy.

Data with unprecedented statistical accuracy and
clearly defined initial and final state properties resulted in
significant advances in recent years, and offer great op-
portunities to investigate hadron spectroscopy at BESIIIL.
The road map for the light hadron physics program at
BESIII has already been defined, following the trajectory
of endeavors over the last decades [7, 8]. In this docu-
ment we reiterate the physics case on the basis of
achieved results.

2.2 Meson spectroscopy and the search for QCD exotics

Confinement is a unique property of QCD. The quark
model describes mesons as bound states of quarks and an-
tiquarks. The LQCD and QCD-motivated models for had-
rons, however, predict a richer spectrum of mesons that
takes into account not only the quark degrees of freedom
but also the gluonic degrees of freedom. The primary
goal of the BESIII experiment is to search for and study
those QCD exotics or states with a composition that is
different from normal mesons and baryons. Understand-
ing these states will provide critical information for the
quantitative understanding of confinement.

2.2.1 Glueballs

The spectrum of glueballs is predicted by the
quenched LQCD [9-11] with the lightest one having scal-
ar quantum numbers 0** and a mass between 1.5 GeV/c?
and 1.7 GeV/c?. The next-higher glueball states have non-
exotic quantum numbers, 2++ (mass 2.3-2.4 GeV/c?) and
0~ (mass 2.3-2.6 GeV/c?), and hence are mixed into the
conventional meson spectrum and difficult to identify ex-
perimentally. This requires systematic studies to identify
a glueball by searching for outnumbering of the conven-
tional quark model states, and by comparing the proper-
ties of the candidates to the expected properties of glue-
balls and conventional mesons.

In a simple constituent gluon picture, these three
states correspond to two-gluon systems in a relative S
wave, with different combinations of helicities. Table 2.1
summarizes the quenched and unquenched lattice results
for the masses of the lightest glueballs. The masses of
scalar and tensor glueballs from the quenched LQCD are
consistent with those obtained by the Ny=2 [12] and
Ny =2+1[13] unquenched LQCD.

Glueballs are expected to appear in so-called gluon-
rich environments. The radiative decays of J/¥ meson
provide such a gluon-rich environment and are therefore
regarded as one of the most promising hunting grounds
for glueballs. Recent LQCD calculations predict that the

Table 2.1.  Glueball masses (in units of MeV/c?) from the quenched [10, 11] and unquenched [12, 13] lattice QCD studies.
My mo++ my++ mo—+
quenched Ref. [10] - 1710(50)(80) 2390(30)(120) 2560(35)(120)
quenched Ref. [11] - 1730(50)(80) 2400(25)(120) 2590(40)(130)
unquenched Ny =2 [12] 938 1417(30) 2363(39) 2573(55)
650 1498(58) 2384(67) 2585(65)
unquenched Ny =2+1[13] 360 1795(60) 2620(50) -
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partial width of J/y radiatively decaying into a pure
gauge scalar glueball is 0.35(8) keV, which corresponds
to a branching ratio of 3.8(9)x 1073 [14]; the partial de-
cay width of a tensor glueball is estimated to be
1.01(22)(10) keV, which corresponds to a large branch-
ing ratio 1.1(2)(1)x 1072 [15]; the partial decay width of a
pseudoscalar glueball is estimated to be 0.0215(74) keV,
which corresponds to a branching ratio 2.31(80)x 107*
[16]. With the unique advantage of a high-statistics J/y
sample, a systematic research program of glueballs has
been performed at BESIII. The pseudoscalar sector draws
special attention due to the small number of expected res-
onances in the quark model. However, the experimental
input is very limited and the hope is that BESIII will lead
to significant improvements. In the scalar sector and
tensor sector, a large number of resonances has been ob-
served. However, the nature of these states is still contro-
versial. The program at BESIII can provide crucial in-
formation to map out the scalar and tensor excitations.
Scalar mesons

A related review of the topic can be found in the sec-
tion “Note on Scalar Mesons below 2 GeV” in PDG [17].
The most striking observation is that the fy(1370),
fo(1500) and fy(1710) appear to be supernumerary. Many
papers interpret the existence of these three scalars as a
manifestation of the underlying light-quarkonium nonet
and the lowest-mass scalar glueball.

Challenges in the interpretation of the scalar sector in-
volve both experimental and theoretical efforts. The fol-
lowing key questions account for the major differences in
the models of scalar mesons and need to be addressed in
the future:

e Is the f;(1370) a true ¢g resonance or is it gener-
ated by the pp molecular dynamics?

e Even though the supernumerary state is suggestive,
the decay rates and production mechanisms are also
needed to unravel the quark content of f;(1500) and

Events / 20 MeV/c?
S

| PRI PP B BT SRS BT B e

12 14 16 1.8 2.0 22 24 2.6 2.8 3.0
M,,(GeV/c?)

Fig. 2.1.

fo(1710). In the partial wave analysis (PWA) of
J/w — ynn [18] and J/y — yKsKs [19] at BESIII, the
branching fractions of the f(1710) are one order of mag-
nitude larger than those of the f;(1500). With the new
measurements from BESIII, the known branching frac-
tion of J/y — yfy(1710) [5] is up to 1.7x 1073, which is
already comparable with the LQCD -calculations of a
scalar glueball (3.8(9)x 1073 [14]). The production prop-
erty suggests that f(1710) has a larger gluonic compon-
ent than f,(1500). More precise measurements of the par-
tial decay widths in the future will improve the under-
standing of the internal structure of these states. A signi-
ficant property of glueball decays is their expected flavor
symmetric coupling to final-state hadrons, even though
some modifications from the phase space, glueball wave
function and decay mechanism are expected.

e How many distinct resonances exist around 1.7
GeV/c?? The f;(1710) and f5(1790) were observed at
BES, and the X(1810) was observed in J/y — yw¢ [20].

e What is the nature of the f;(2100)? Besides the
fo(1710), large production of scalars around 2.1 GeV/c?
was also observed in J/y — ynn [18], J/y — ya°=° [21]
and J/y — yKsKs [19]. The pattern of production in the
gluon-rich radiative J/y decays agrees well with that of
the ground state glueball, and its first excitation is as pre-
dicted by LQCD. It is notable that the f,(2100) is also
largely produced in pp annihilation. An additional way to
unveil its nature is to measure the ratio of its decay modes
into ' and n'ny’. Furthermore, the number of existing
scalars in the f5(2100) region needs clarification.

Tensor mesons

In the quark model, there are two quark configura-
tions, the 3P,(L=1,§=1,J=2) and 3F,(L=3,5 =1,
J =2) nonets. Hence, the tensor sector is extremely busy
and a large number of tensor states appear in PDG [5].
The three tensors f5(2010), f>(2300) and f>(2340) ob-
served in 7~ p — ¢¢n [22] are also observed in J/y — yod
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(color online) Invariant mass distribution of nn from J/y — ynn, and the projection of the PWA fit from BESIII: (a) the 0*

component, (b) the 2+ component [18]. Dots with error bars are the experimental data. Solid histograms are the projections of the

PWA fit.
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Fig. 2.2. (color online) Intensities of individual J*¢ compon-
ents from the model-independent fit of the mass distribu-
tion of ¢¢ from J/y — y¢p, compared with the projection of

the model-dependent PWA fit from BESIII [23].

[23]. Figure 2.1 and 2.2 show the resulting PWA fit of the
nn and ¢¢ invariant mass spectra. The large production
rate of the £>(2340) in J/y — y¢¢ and J/y — ynn [18] in-
dicates that f>(2340) is a good candidate for a tensor glue-
ball. Significant tensor contribution around 2.4 GeV/c? is
also present in J/y — yn°z° [21] and J/y — yKsKs [19].
However, the measured production rate of f>,(2370) ap-
pears to be substantially lower than the LQCD calculated
value [15]. It is desirable to search for more decay modes
to establish and characterize the lowest tensor glueball.
Pseudoscalar mesons

The 1=0 JP€ =0"" ground states are 5 and the 7’.
Only radial excitations are expected in the quark model
for the 07" states. The small number of expected pseudo-
scalars in the quark model provides a clean and prom-
ising environment for the search of glueballs.

A striking observation is that there are two pseudo-
scalar states near 1.4 GeV/c?, the n(1405) and the n(1475),
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listed in PDG [5]. The n(1405) as a supernumerary state
was proposed as the ground state pseudoscalar glueball
candidate. However, the extra state appears to be relat-
ively far from the expected mass of the pseudoscalar
glueball of 2 GeV/c?. This is known as the long standing
“E-t puzzle” [24]. BESIII reported the first observation of
the isospin-violating decay n(1405) — 7°£,(980) in
J/¥ — y3r [25], together with an anomalous line shape of
the f(980), as shown in Fig. 2.3. The f; mass, deduced
from the Breit-Wigner fit of the mass spectra, is slightly
shifted compared to its nominal value, with a width of
<11.8 MeV (90% C.L.), much smaller than its nominal
value. The observed isospin violation is (17.9 +4.2)%, too
large to be explained by the f;(980)-a0(980) mixing, also
observed by BESIII [26, 27]. Based on this observation,
Wu et al. [28] suggested that a triangular singularity mix-
ing nnrr and K*K could be large enough to account for the
data. The splitting of n(1405) and 7(1475) could also be
due to this triangle anomaly.

It is also crucial to examine carefully the existence of
the 7(1295) in order to nail down the first excitation of 7.
Alternatively, the n(1295) could be explained as a misid-
entified f;(1285).

The X(1835) observed in J/y — yn'z*n~, which will
be discussed in Sec. 2.2.3, was determined to have the
quantum numbers 0~F. In the same reaction, two addition-
al structures, the X(2120) and the X(2370), were observed.
However, the spin-parity of these two new structures
have not yet been determined. X(2370) is also observed in
JIW — y KK . It is crucial to explore other decay modes
of X(2370) and establish its spin-parity.

Aside from the 1(2225), very little is known in the
pseudoscalar sector above 2 GeV/c?> where the lightest
pseudoscalar glueball is expected based on the LQCD
calculations. PWA of the decay J/y — y¢¢ [23] was per-
formed in order to study the intermediate states. The most
remarkable feature of the PWA results is that the 0~*
states are dominant. The existence of the 7(2225) was
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Fig. 2.3. (color online) (a) Invariant mass offo(980)7ro; (b) Invariant mass of 7 7 with the Trn (3710) mass in the 7(1405) mass re-

gion, measured at BESIII [25].
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confirmed and two additional pseudoscalar states, 7(2100)
and X(2500), were found.

Besides the radiative J/y decays, flavor filtering reac-
tions could also play an important role in unraveling the
quark content of the pseudoscalars ( e.g. J/y¥ — yX,
X — yV and J/y — VX, where V stands for p, w, ¢, and X
stands for the pseudoscalars). n(1475) — y¢ and
X(1835) — y¢ were observed in the decay J/y — yy¢ at
BESIII [29], which indicates that both #(1475) and
X(1835) contain a sizeable s5 component.

2.2.2 Hybrids

Since the expected quantum numbers of low-lying
glueballs are not exotic, they should manifest themselves
as additional states that cannot be accommodated within
the gg nonets. Their unambiguous identification is com-
plicated by the fact that they can mix when overlapping
with ¢g states of the same quantum numbers. An easy
way to avoid mixing with regular mesons are additional
degrees of freedom leading to exotic quantum numbers.
Such degrees of freedom could arise from explicit gluon-
ic contributions. These particles carry a special name and
are called hybrids. In many models, some of the hybrid
mesons can have a unique signature, the already men-
tioned exotic (not allowed in a simple gg system) JFC¢
quantum numbers. This signature simplifies the spectro-
scopy of such exotic hybrid mesons because they do not
mix with conventional ¢g states. LQCD calculations sup-
port the existence of exotic quantum number states with-
in the meson spectrum, independent of specific models.
As shown in Fig. 2.4 [30], LQCD calculations consist-
ently show that the J°€ = 1= nonet is the lightest hybrid.

Currently, there are three experimental candidates for
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Fig. 2.4.

a light 1-*+ hybrid: the 7;(1400) and the ;(1600), ob-
served in diffractive reactions and pN annihilation, and
the 71(2015), seen only in diffraction. The 7;(1400) has
only been observed in its decay into the nn final state, and
is generally considered too light to be a hybrid meson.
Reviews [2, 4] provide a summary of the experimental
studies.

An amplitude analysis of y. —nprta” or
Xe1 — 'ntn” was performed at CLEO-c [31] and BESIII
[32]. For these final states, the only allowed S-wave de-
cay of y. goes through the spin-exotic 1-+ wave, which
then decays to n()x. It turns out that a significant contri-
bution of an exotic -+ wave is needed to describe the
data in the /77~ channel, but not in the nz*zx~ channel.

While there is evidence for an isovector member of
the JP€ = 17" nonet, we also expect two isoscalar states
(71 and 7)), which are crucial to establish the nonet nature
of m; states. However, there is still no experimental evid-
ence for these two isoscalar states. The gluon-rich radiat-
ive J/y decays may provide an ideal laboratory for the
search for such isoscalar |+ states. Model predictions of
their decay modes are fin, a;m and ny’, etc. [33-36].

2.2.3 Multiquarks

An early quark model prediction was the existence of
multiquark states, in particular the bound meson-anti-
meson molecular states. In the light-quark sector, the
f0(980) and a(p(980) are considered to be strong candid-
ates for KK molecules. However, it is in general challen-
ging to definitively identify a light multiquark state in an
environment of many broad and often overlapping con-
ventional states.

Two generic types of multiquark states have been of-

positive parity exotics
: S
—
o
o =
B o I = _—
S S o -
. S |y o o — ot - 2
E Y > x
[ IR B gt gt gte =
- e
1*+
—— o S
B oS
= ~
= [ 2++
1+
1++

m, = 396 MeV

isoscalar ==
(s

isovector
YM glueball

(color online) Light-quark non-strange meson spectrum resulting from LQCD [30], sorted by the quantum numbers JC.

Note that these results were obtained with an unphysical pion mass, m, = 396 MeV/c’.
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ten discussed. Molecular state is a loosely bound state of
a pair of mesons near threshold. Tetraquarks are tightly
bound diquark-antidiquark states. A prediction of the tet-
raquark models is that they come in flavor multiplets. In
addition, an enhancement may also arise from the
threshold effects due to re-scattering of the two outgoing
mesons close to the threshold. This could result in mass
shifts due to the thresholds. Couple-channel effects result
in mixing of two-meson states with ¢g resonances.

In general, a multiquark state is expected to be broad
since it can easily decay into mesons and/or baryons
when its mass is above the mass threshold for producing
these hadrons. Multiquark states may only be experiment-
ally observed when their masses are near these mass
thresholds, either below or just above them. Otherwise,
the multiquark states might be too wide to be experiment-
ally distinguished from non-resonant background.

After the discoveries of a((980) and f;(980) several
decades ago, explanations of the nature of these two light
scalar mesons are still controversial. These two states,
with similar masses but different decay modes and isos-
pins, are difficult to accommodate in the traditional
quark-antiquark model, and many alternative formula-
tions have been proposed to explain their internal struc-
ture, including tetra-quarks [37-41], KK molecule [42], or
quark-antiquark gluon hybrid [43]. Further insights into
ap(980) and f,(980) are expected from their mixing [44].
The mixing mechanism in the system of ay(980) — f5(980)
is considered to be a sensitive probe to clarify the nature
of these two mesons. In particular, the leading contribu-
tion to the isospin-violating mixing transition amplitudes
for f5(980) — af(980) and af(980) —/,(980), was shown
to be dominated by the difference of the unitarity cut,
which arises from the mass difference between the
charged and neutral KK pairs. As a consequence, a nar-
row peak of about 8 MeV/c? is predicted between the
charged and neutral KK thresholds. The corresponding
signal is predicted in the isospin-violating processes of
J/Y — ¢al(980) [45, 46] and x. — n°fp(980) [47]. The
signals of f,(980) — a8(980) and a8(980) - f0(980) mix-
ing were first observed in J/¢ — ¢f,(980) — ¢a8(980)
- ¢nn’ and  yer — 1%a)(980) — 7°£5(980) - n’xtxm  at
BESIII [26, 27]. The statistical significance of the signal
versus the values of g, x-x and gk is shown in Fig.
2.5. The regions with higher statistical significance indic-
ate larger probability for the emergence of the two coup-
ling constants. The direct measurement of ay(980)—
/0(980) mixing is a sensitive probe for the internal struc-
ture of these ground state scalars and sheds important
light on their nature. The new results from BESIII
provide critical constraints for the development of theor-
etical models for a((980) and f,(980).

The state X(1835) was first observed by the BES ex-
periment as a peak in J/y — yp'z*n~ decays [48]. This
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Fig. 2.5.
nal scanned in the two-dimensional space of g, x+x- and
gfk+k- The regions with higher statistical significance in-
dicate larger probability for the emergence of the two coup-
ling constants. The markers indicate predictions from vari-
ous illustrative theoretical models.

observation was later confirmed by BESIII [49]. The
X(1835) was also observed in the nK?K? channel, where
its spin-parity was determined to be J” =0~ by PWA
[50]. An anomalously strong enhancement at the proton-
antiproton (pp) mass threshold, dubbed X(pp), was first
observed by BES in J/¢ — ypp decays [51]; this observa-
tion was confirmed by BESIII [52] and CLEO [53]. This
enhancement was subsequently determined to have the
spin-parity J* =0~ by BESIII [54]. Using a high-statist-
ics sample of J/yy events, BESIIl studied the
J/y — yn'n* ™ process and observed a significant change
in the slope of the n’z*xn~ invariant mass distribution at
the proton-antiproton (pp) mass threshold [55]. Two
models are used to characterize the n’z#*n~ line shape
around 1.85 GeV/c?: the first, which explicitly incorpor-
ates the opening of a decay threshold in the mass spec-
trum (Flatté formula) (Fig. 2.6 (a)), and the other, which
is the coherent sum of two resonant amplitudes (Fig. 2.6
(b)). Both fits show almost equally good agreement with
the data, and suggest the existence of either a broad state
with strong couplings to the final state pp, or a narrow
state just below the pp mass threshold. The goodness-of-
fit are equivalent for both fits. The first supports the exist-
ence of a pp molecule-like state, and the other a bound
state with a significance greater than 7¢. Further study of
the fine line shape of X(1835) in other decay modes will
provide conclusive information about the nature of the
state.

An analysis of J/y — pK~A was performed at BES
[56]. Enhancements both at the pA and the K-A mass
thresholds are observed. Further investigations in other
decay modes and production mechanisms are needed to
clarify the nature of these structures.
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(color online) An anomalous line shape of the n’z*z~ mass spectrum near the pp mass threshold in J/y — y’z*7x~. (a) shows

the fit results with a Flatté formula, and (b) shows the fit results with the coherent sum of two Breit-Wigner amplitudes.

2.3 Baryon spectroscopy

Baryons are the basic building blocks of our world.
Since baryons are the simplest systems in which all three
QCD colors neutralize into colorless objects, understand-
ing the baryon structure is absolutely necessary before we
can claim to really understand QCD. Given many recent
experimental results, our present understanding of bary-
on spectroscopy is clearly incomplete. Many fundament-
al issues in baryon spectroscopy are still not well under-
stood [57, 58]. Most important among them is the prob-
lem of missing resonances. In quark models based on ap-
proximate flavor SU(3) symmetry, it is expected that res-
onances form multiplets. Many excited states were pre-
dicted which have not been observed (for a review, see
Ref. [59]). More recently, LQCD calculations [60] have
also predicted a similar pattern as the quark models. The
possibility of new, as yet unappreciated, effective sym-
metries could be addressed with the accumulation of
more data. The new symmetries may not have obvious re-
lation with QCD, just like nuclear shell model and col-
lective motion model.

In addition to baryons made of u and d quarks, the
search for hyperon resonances remains an important chal-
lenge. Some of the lowest excitation resonances have not
yet been experimentally established, which are necessary
to establish the spectral pattern of hyperon resonances.

Charmonium decays provide an excellent place to
study excited nucleons and hyperons — N*, A*, ¥* and =*
resonances [61]. The corresponding Feynman graph for
the production of these excited nucleons and hyperons is
shown in Fig. 2.7 where  represents charmonium.

Complementary to other facilities, the baryon pro-
gram at BESIII has several advantages [62]. For instance,

et N‘,/\‘,Z‘,Z‘
¥
Y
e P, A, I, Z
Fig. 2.7. pN*, AA* £3* and Z=* production in e*e™ collisions

through ¢ meson.

aN and nzN systems from the  — NNz and NNnn pro-
cesses have an isospin of 1/2 due to isospin conservation.
¥ mesons decay to baryon-antibaryon pairs through three
or more gluons providing a favorable place for producing
hybrid (gqqg) baryons, and for searching for some “miss-
ing” N* resonances which have weak coupling to both 7N
and yN, but stronger coupling to g>N. The phase space
for the (3686) decays is larger than for J/y decays, thus
having more potential for investigating higher excitations
of baryons and hyperons. In PWA of y(3686) — ppr°
[63], two new N* resonances, N(2300) and N(2570) , have
been observed with the J? assignments of 1/2* and 5/27,
respectively.

Besides the high-statistics data samples of charmoni-
um events, the large number of A. hadronic decays col-
lected at BESIII provide a novel laboratory for studying
light baryon excitations.

2.4 BESIII amplitude analysis

The basic task of an experimental study of hadron
spectroscopy is to systematically map out all the reson-
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ances and determine their properties like the mass, width,
spin-parity, as well as partial decay widths, with high
sensitivity and accuracy. Extracting the properties of res-
onances from the experimental data is, however, far from
straightforward. Resonances tend to be broad and plenti-
ful, leading to intricate interference patterns, or they are
buried in a background of identical or other waves. The
key to success lies in high statistical precision comple-
mented with sophisticated analysis methods. PWA or
amplitude analysis techniques are the state-of-the-art
methods to disentangle contributions from individual,
even small resonances, and to determine their quantum
numbers. Multiparticle decays are usually modeled using
the phenomenological approach of the isobar model,
which describes a multiparticle final state by the sequen-
tial two-body decay into intermediate resonances (iso-
bars) that eventually decay into the final state observed in
the experiment. Event-based fits allow to take into ac-
count the full correlation between the final-state particles.

Facing the extremely high statistics at BESIII, the
PWA fits will be computationally very expensive. The pi-
oneer approach of harnessing GPU parallel acceleration
in PWA was performed in the framework of BESIII [64].
The GPUPWA framework [65] provides facilities for
amplitude calculation, minimization and plotting, and is
widely used for analyses at BESIII. A high performance
computing cluster has been established in the computing
center at IHEP, which is equipped with hundreds of
GPUs. In addition, for baryon spectroscopy analyses, the
amplitudes can be extremely complicated. FDC-PWA, a
package for automatic Feynman diagram calculation [66],
has been extensively used to generate a complete set of
Fortran source codes for PWA amplitudes.

One notoriously difficult problem is the parametriza-
tion of the dynamical properties of resonances, especially
for those resonances related to thresholds. Coupled-chan-
nel analyses are mandatory to extract the partial widths
and other pole properties. The correct analytical proper-
ties of the amplitude are essential for an extrapolation
from the experimental data into the complex plane in or-
der to determine the pole positions. The proper imple-
mentation of the dynamical function in PWA requires co-
operation between theorists and experimentalists. In
PWA of J/y —yn%2® [21], J/y — yKsKs [19] and
JIy — ypp [23], the results of mass-independent amp-
litude analysis were provided, which extract a piecewise
function that describes the dynamics of the two-body
meson system while making minimal assumptions about
the properties and number of poles in the amplitude. Such
a model-independent description allows to develop phe-
nomenological models in a cooperation between experi-
ment and theory, which can then be used to fit experi-
mental data in the future. Global studies of different reac-
tions and kinematics across experiments are also needed
to clarify the underlying production mechanisms.

2.5 Other physics opportunities

2.5.1 Light meson decays

Light meson decays are an important tool for studies
of the strong interaction in the non-perturbative region
and for determining some SM parameters. As the neutral
members of the ground state pseudoscalar nonet, both n
and 7’ play an important role in understanding the low
energy quantum chromodynamics (QCD). Decays of n/n’
probe a wide variety of physics issues, e.g. the 7°—7
mixing, light-quark masses and pion-pion scattering. In
particular, the ” meson, which is much heavier than the
Goldstone bosons of broken chiral symmetry, plays a spe-
cial role as the predominant singlet state arising from the
strong axial U(1) anomaly. In addition, the decays of both
n and i’ mesons are used to search for processes beyond
SM, and to test fundamental discrete symmetries.

The main decays of n/5’ mesons are hadronic and ra-
diative. Alternatively, one can divide the decays in two
classes. The first class consists of hadronic decays into
three pseudoscalar mesons, such as ° — nar. These pro-
cesses are already included in the lowest order, O(p?), of
the chiral perturbation theory (ChPT) [67]. The second
class includes anomalous processes involving an odd
number of pseudoscalar mesons, such as n” — p%y and
n - ntn x*n~. They are driven by the “Wess-Zumino-
Witten” (WZW) term [68, 69] which enters at the order
of O(p*) [70]. The dynamics of 7 decays remains a sub-
ject of extensive studies aiming at precision tests of ChPT
in the SUL(3) xS Ug(3) sector (i.e. involving an s quark).
Model-dependent approaches for describing low-energy
meson interactions, such as the vector meson dominance
(VMD) [71, 72], and the large number of colors, N, ex-
tensions of ChPT [73], together with dispersive methods,
could be extensively tested in i’ decays.

Due to the high production rate of light mesons in
charmonium (e.g. J/y) decays, the BESIII experiment
also offers a unique possibility to investigate the light
meson decays. The decays J/y — yn(n') and J/v — ¢n(n’)
provide clean and efficient source of n/n” mesons for de-
cay studies. During several runs from 2009 to 2019, a
total data sample of 10'° J/psi events was collected with
the BESIII detector [74, 75]. In recent years, consider-
able progress in n/n’ decays was achieved at the BESIII
experiment. In addition to the improved accuracy of the
branching fractions of 7/, observations of new n’ decay
modes, including 1’ — p*n* [76] and 1’ — ye*e™ [77],
7 — rtnnta, and ” — ntn~2°2° 78], have been repor-
ted for the first time. The precision of the ' — 7t n~y
M(n* ™) distribution from BESIII [79], with clear p° — w
interference, is comparable to the e*e™ — n*tx~ data and
allows comparison of these two reactions with both mod-
el-dependent and model-independent methods [80, 81]. A
further investigation of extra contributions, i.e. the box
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anomaly or p(1405), is necessary besides the contribu-
tions from p°(770) and w. In particular, a competitive ex-
traction of the w — n*x~ branching fraction is possible
[82].

Despite the impressive progress, many n/n’ decays
are still to be observed and explored. With the sample of
10'0 J/y events collected with the BESIII detector, the
available n and n’ events from radiative decays J/y — yn,
vy’ and hadronic decays J/y — ¢(w)n, ¢(w)y’ are sum-
marized in Table 2.2, making possible further detailed
studies of n/n’ . A list of specific decay channels where
new data are expected to have an important impact is
shown in Table 2.3.

In addition, the high production rate of w in J/¢ had-

Table 2.2.  Available n/n’ decays calculated with the expected
1x10'° J/y events at BESIII.

Decay Mode B(x1074) [5] n/n’ events
Iy — vy’ 51.5+1.6 5.2x 107
JIy—yn 11.04+0.34 1.1x 107
JIw— ¢’ 75+0.8 7.5% 100
JIy — ¢n 45+0.5 4.5%10°
JIY — wn 17.4£2.0 1.7x107
JIy = wy 1.82+0.21 1.8x10°

Table 2.3. A few topics for the  and n’ programs.

n decay mode  physics highlight 7’ mode physics highlight
n— 192y ChPT n —an CPV
n—yB leptophobic dark boson 7’ — 2y chiral anomaly
n— 3x° my, —my 7’ — yar box anomaly, form factor
n—ntr my, —mg, CV W -t my, —mg, CV
n— 3y CPV 7 — 7% cusp effect [83]

ronic decays, e.g. B(J/Y — wn) = (1.74+0.20)x 1073 [5],
allows to select a clean sample of 1.7 x 107 events, which
offers a unique opportunity to test the theoretical calcula-
tions [84-86] by investigating the Dalitz plot of
w— 7t a0,
2.5.2  Two photon physics

Production of resonances by two-photon fusion, as
well as decay of resonances into two photons, provide
important information about the hadron structure. The an-
omalous magnetic moment of the muon a, = (g—2),/2 is
a precision observable in SM. The accuracy of the SM
prediction for (g—2), is currently limited by the know-
ledge of the hadronic light-by-light contribution. Apart
from contributing to the (g—2), studies, the two-photon
width can be used to identify non-¢g states, because yy
decay of non-gg mesons like the glueballs, hybrids, multi-
quark objects, or mesonic molecules, is expected to be

suppressed in various models. BESIII offers good oppor-
tunities for precision measurements of the production of
low-mass hadronic systems in two-photon collisions with
the two-photon invariant mass region accessible up to 3
GeV/c.

2.6 Prospects

Although years of continuous experimental efforts
have been made to search for QCD exotic hadrons bey-
ond the quark model, no compelling evidence has been
unambiguously established yet. The experimental search
for QCD exotics (glueballs, hybrids, multiquarks) contin-
ues to be an exciting problem, which is limited by the
current data. Recent progress in LQCD reaffirms the ex-
istence of glueballs and hybrids. Other LQCD calcula-
tions indicate that radiative J/y decays are a promising
hunting ground for glueballs. BESIII will continue play-
ing a leading role in this search.

High precision data and systematic studies with vari-
ous production mechanisms and decay modes are needed
to determine resonance properties. The primary require-
ment for the data taking within the light hadron program
at BESIII is to have a sufficient number of high-statistics
J/y events for the systematic study of glueballs. The
pseudoscalar glueball is clearly the main focus of re-
search with its production rate in radiative J/y decays
predicted to be O(10™%) by LQCD. A major difficulty for
identification of glueballs is the lack of first-principles
theoretical predictions of glueball couplings and decay
rates. Due to the "flavor-blindness" of gluons, there will
be no dominant decay mode of a glueball. The decay rate
of a glueball into a certain final state may be estimated to
be at the level of O(1073) ~ O(107?) in analogy to the 7. or
Xc02 decays. However, mixing with ordinary mesons
complicates the situation in the light-quark mass range.
From simulation studies, the detection efficiency of a typ-
ical decay mode of a pseudoscalar glueball is estimated to
be a few percent. Recently, a new decay mode of X(2370)
was observed in the spectrum of ' KK of J/w — y’KK.
We performed a feasibility study to determine the spin-
parity of X(2370). The neutral channel J/y — yn' KQK?
provides a clean environment for amplitude analysis as it
does not suffer from significant backgrounds such as
J/y — 7’y KYKY, which are present in the charged chan-
nel J/y — 7% K*K~. MC samples with statistics equival-
ent to the current data and 10 billion J/y were generated
with a certain set of amplitude parameters. Amplitude
analysis was performed of the MC samples with various
hypothesis. Table 2.4 shows that the spin-parity of
X(2370) can be unambiguously determined with higher
statistics of data. BESIII accumulated 10 billion J/y
events, which are mandatory for mapping out the spec-
trum of light hadrons in J/y decays. In addition, (3686)
decays have a larger phase space for studying mesons and
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Table 2.4. A feasibility study for determining the spin-parity of
X(2370) with the amplitude analysis of J/y — yn’KgKg. The signi-
ficance is obtained by comparing the likelihoods of amplitude ana-
lyses with different spin-parity hypothesis of X(2370).

current statistics
(1.3 billions of J/y)
significance for 0 390
assignment of X(2370)

expected statistics
(10 billions of J/y)

13.20

baryons with higher mass, even though the production
rates of light hadrons are typically suppressed with re-
spect to J/y. The n. and y. events from ¢(3686) decays
can also provide an opportunity for investigating QCD
exotics. Currently, BESIII collected 450 million y(3686)
events. The light hadron physics program can benefit
from the high statistics (3686) data set of the charmoni-
um program in the future.

In the exploratory physics program for a future high
luminosity 7-charm experiment, electromagnetic coup-
lings to glueball candidates and their form factors can be
extracted with higher accuracy, which are critical for the
understanding of the nature of glueballs. High-statistics
charmonium decays also provide an opportunity for in-
vestigating low-lying exotic hybrid nonets. In the future,
the available high-statistics light-meson events from de-
cays can be used not only for precision measurements of
QCD at low energy, but also for probing physics beyond
SM.

In the next few years, many experiments (COMPASS,
BESIII) will continue to be active, while a number of new

experiments (GlueX, Belle II, PANDA) appear on the ho-
rizon. Definitive conclusions about the nature of confine-
ment will need complementary studies with these experi-
ments. Key features of these experiments are high statist-
ics and high sensitivity to explore hadron spectroscopy.
COMPASS [87] has comprehensively studied a; and 7;-
like mesons up to the mass of 2 GeV/c? in diffractive
scattering of hadron beams. GlueX [88] is designed to
search for and measure the spectrum of light-mass hybrid
mesons. It began its physics run in 2017 and will start a
high luminosity run with an updated detector in 2019. An
important advantage of this experiment is the use of po-
larized photons, which simplifies the initial states and the
production process. PANDA [89] is designed for high-
precision studies of the hadron spectrum at center-of-
mass energies between 2.3 and 5.5 GeV. It is scheduled
to start data taking in a full setup in 2026. In pp annihila-
tions, spin-exotic states (e.g. oddballs) can be produced.
Belle II [90] will start collecting data in 2019, and will
accumulate 50 ab™! of data at the T(4S) peak by 2027. Al-
though it is not its primary goal as the next generation fla-
vor factory, Belle II can also explore the light-quark sec-
tor using the two-photon process, because a glueball
should have suppressed couplings to yy. Hadronic de-
cays of heavy hadrons may also serve as a well-defined
source for light mesons. BESIII remains unique for study-
ing and searching for QCD exotics and new excited bary-
ons, as its high-statistics data sets of charmonia provide a
gluon rich environment with clearly defined initial and fi-
nal state properties.
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Chapter 3

Charmonium physics

3.1 Introduction

Heavy quarkonia are frequently referred to as the
“positronium of QCD” [1] due to consistent, one-to-one
correspondence of the level schemes that reflect the Cou-
lomb-like interactions at small distances. Within the BE-
SIII energy range, charmonium states both below and
above the open-charm threshold are accessible (Figs. 3.1
and 3.2). The spectrum of charmonium states with masses
below the open-charm threshold has been well-estab-
lished for several decades. These states can therefore be
used to precisely test predictions based on various theor-
etical techniques, ranging from models (like the quark
model) to approximations of QCD (like non-relativistic
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Fig. 3.1.  (color online) The charmonium spectrum. Yellow

boxes denote states predicted by the quark model [2] that
have already been discovered; gray boxes are for predicted
states that have not yet been discovered; and the red boxes
are for states that were unexpectedly discovered — likely
pointing towards the existence of exotic hadrons. All of
these states have been studied at BESIII. A few of the key
transitions studied at BESIII are indicated by black arrows.

QCD, described below) to numerical calculations of the
full QCD Lagrangian (i.e., LQCD). The fact that the en-
ergy scale ranges from the charmonium mass to Aqcp
makes the charmonium processes a rich laboratory to
probe both perturbative and non-perturbative QCD.
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Fig.3.2.  (color online) The charmonium and hybrid spec-

trum. Green boxes represent masses of charmonium states
calculated by the lattice QCD with M, ~ 240 MeV [3]; red
and blue boxes represent the lightest and first-excited hy-
brid states; black boxes are the world averaged experiment-
al results in 2015 [4]; dashed lines show the location of
some lower thresholds for strong decay from computations
(coarse green) and experiments (fine grey). The states are
labeled with their quantum numbers J¢ and their masses
are shown with the 7, mass subtracted. The vertical size of
the boxes denotes the standard uncertainty.

The relative simplicity of the lowest-lying (least
massive) charmonium states allows precision tests of
QCD and QCD-inspired models in a region where both
non-perturbative and perturbative aspects of QCD play a
role. The higher-mass states, on the other hand, pose seri-
ous challenges even to our qualitative understanding of
mesons. Several of these states provide potential evid-
ence of a wealth of exotic configurations of quarks and
gluons, including: tetraquark states (two quarks and two
antiquarks), hadronic molecules (two hadrons), hybrid
mesons (a quark and antiquark with an excited gluonic
field), etc.

The charmonium group studies both of these regions
of the charmonium spectrum, providing a unique and im-
portant perspective on the dynamics of strong force phys-
ics. These studies include: searching for new charmoni-
um states, determining the internal structure of previ-
ously established charmonium states, measuring masses
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and widths, precisely measuring transitions (both radiat-
ive and hadronic) between charmonium states, and find-
ing new decay channels. The capabilities of the BESIII
experiment are uniquely suited to the study of both light
and heavy charmonium states. The lighter charmonium
states are primarily studied using large and clean samples
of y(3686) decays (i.e., ¥(25) or y’); the heavy charmoni-
um states are produced using higher-energy collisions,
while the exotic charmonium states are either produced
directly or by decays of other states.

As noted above, the spectrum of states above open-
charm threshold (Figs. 3.1 and 3.2) is clearly quite convo-
luted. The past decade has seen the discovery of a large
number of new states that are yet to be satisfactorily un-
derstood. The “Y ” states usually have J°¢ = 17 the “Z ”
states are electrically charged; and the “X ” states are the
remainder. Note that the naming scheme is revised in the
latest edition of the review of particle physics by PDG
[5], but we use the older scheme in this White Paper for
consistency. These states have been named “X ”, “Y 7,
and “Z ” since their internal structure is still unclear. One
thing is clear: these new states cannot all be conventional
bound states of a charm quark and antiquark. They are a
likely evidence of more exotic configurations of quarks
and gluons (such as tetraquarks, meson molecules, or hy-
brid mesons, etc.). Their existence therefore provides a
crucial opportunity to study the dynamics of quarks and
gluons in a new environment. At BESIII, the accessible
e*e” cms energies allow to directly produce a large num-
ber of these states, which in turn allows to measure their
masses, widths, and decay modes. The effort to under-
stand these new states (which we refer to as “XYZ phys-
ics”) is described further in Sec. 3.3.
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Fig. 3.3.

Future studies of the charmonium system, both above
and below the open-charm threshold, will require addi-
tional data sets. These requirements will be detailed
throughout this chapter and summarized in Sec. 3.4. For
further studies of charmonium below the open-charm
threshold, around 3 billion w(3686) decays are required,
representing about an order-of-magnitude increase in stat-
istics over the current sample of about 450 million
w(3686) decays. Above the open-charm threshold, we re-
quire three types of additional data samples: (1) a large
number of additional data samples, each with an integ-
rated luminosity of approximately 500 pbf1 and spread
over a variety of cms energies, in order to study the spec-
trum of the Y states and the evolution of the Z states; (2) a
small number of larger data samples, each of approxim-
ately 5 ', to perform detailed studies of the Z states;
and (3) samples of higher-energy data to explore the
poorly established mass region above 4.6 GeV/c’, where
mysterious peaks in the ATA; [6] and 77~ y(2S) cross-
sections [7] have been observed.

3.2 Charmonium states below the

threshold

open-charm

The goal of BESIII studies of charmonium states be-
low the open-charm threshold is to investigate the spec-
troscopy, transitions, and decays of charmonium states
mainly by analyzing (but not limited to) the y(3686) data.
The y(3686) data is especially well suited for the study of
charmonium states due to many transitions between the
w(3686) and lower-lying states. Thus, starting with a
sample of w(3686) data, one gains access to most of the
charmonium states below the open-charm threshold. Fig-
ure 3.3 shows the low-lying charmonium (c¢) spectrum

M(DD)

1++ 1+— 2++

The low-lying charmonium (c¢) spectrum and some observed transitions.
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and some of the commonly observed transitions.

3.2.1 The theoretical framework

The charmonium meson system is an ideal, and to
some extent unique, laboratory to investigate the bound-
ary between perturbative and non-perturbative QCD in a
controlled environment. Since reliable calculations of
non-perturbative QCD are still difficult, several phe-
nomenological models and effective theories have been
proposed. These models and calculational techniques can
be tested and further developed using the phenomeno-
logy of charmonium states. For example, the non-relativ-
istic QCD (NRQCD) [8-10], expressed as the Pauli two-
component field theory, can be constructed in corres-
pondence with the hierarchy of energy scales in char-
monium. NRQCD can be regarded as an effective theory
that expands the full QCD in powers of v, where v is the
relative velocity between ¢ and ¢ quarks.

According to the potential model calculations and lat-
tice simulations, v> ~ 0.3 in the charmonium system [11].
For small v, a multitude of energy scales are observed as
hard m,, soft m.v, and ultra-soft m.2. The effects at en-
ergy scale m, can be integrated out explicitly. The result-
ant theory, NRQCD, reduced in the number of dynamical
degrees of freedom, is simpler than the full QCD, and
turns out to be very useful in calculating the charmonium-
relevant processes, such as the inclusive production and
annihilation decays, and spectroscopy. Starting from NR-
QCD one can obtain the effective theory potential NR-
QCD (pNRQCD) [12-14] by integrating out the scale
m.v. Here, the role of the potentials and the quantum
mechanical nature of the problem can be reduced to the
zeroth order Schrodinger equation for the two heavy
quarks. These effective field theories, as well as the po-
tential models and LQCD, make it possible to calculate a
wide range of charmonium observables in a controlled
and systematic way, allowing an investigation of one of
the most elusive sectors of SM: the low-energy QCD.

The charmonium observables can be taken from spec-
troscopy (e.g. masses and widths), transitions (e.g. trans-
ition rates), leptonic and electromagnetic decays, radiat-
ive decays, hadronic decays, rare and forbidden decays,
and some miscellaneous topics such as the Bell inequalit-
ies in high energy physics and special topics in BB final
states, where B refers to baryon. BESIII is well suited to
address the remaining experimental questions that are re-
lated to the low-mass charmonium spectrum, i.e. below
the open-charm threshold, such as a precise determina-
tion of the mass and width of 7, A, and 1.(2S). The QCD
multipole expansion (QCDME) [15, 16] is a feasible ap-
proach for the charmonium hadronic transitions. Its res-
ults can be examined via observations at BESIII such as
the nixr transitions of S-wave (P-wave or D-wave) char-
monium states, the 5 transition  (3686) — nJ/y, and the
iso-spin violating 7 transition  (3686) — n°h.. Many ra-

diative transition channels, including E1 (electric dipole)
and M1 (magnetic dipole) transitions, can be investigated
with the BESIII y(3686) data sample using the cascade
transition chain. Other EM related processes, such as the
charmonium leptonic and EM decays, can also be stud-
ied at BESIII. In addition, studies of the hadronic decays
will shed light on the p— & puzzle [17] and reveal the in-
ertial structure and decay dynamics of charmonium
states. The baryonic decays are a special topic since the
structure of baryons is comparatively more complicated
than of mesons. BESIII can investigate the baryonic de-
cays via the two-body, three-body, multi-body, and semi-
inclusive modes. With a large w(3686) data sample, BE-
SIII can also search for rare and forbidden charmonium
decays to explore some interesting topics such as CP vi-
olation or lepton flavor violation.

With the theory tools and the impressive number of
collected charmonium states, BESIII will make a differ-
ence in the field allowing to carry out important investig-
ations of SM and beyond.

3.2.2 Results with the current w(3686) data set

BESIII has so far collected a total of 448 million
w(3686) decays (including 107 million in 2009 and 341
million in 2012). These data samples have led to the pub-
lication of more than 30 papers. Some of the most import-
ant results are as follows:

1. Measurement of 4, in w(3686) decays [18]. Clear
signals are observed for  (3686) — n°h. with and without
the subsequent radiative decay i, — yn,. In addition, first
measurement of the absolute branching ratios
By (3686) — n°h.) = (8.4+13+1.0)x10™* and B(h. —
vne) = (54.3+£6.7+5.2)% are presented. Figure 3.4 shows
the recoil mass of 7° with and without the subsequent ra-
diative decay h. — yn..

2. Observation of the y.; decay into vector meson
pairs [19]. The first measurement of the decay of y.; into
vector meson pairs (VV) ¢¢, ww, and w¢ are presented.
The branching fractions are measured as (4.4 +0.3 £0.5)x
1074, (6.0+£0.3+0.7)x 107, and (2.2 +0.6+0.2)x 1075, for
Xel = ¢¢, ww, and w¢, respectively, which indicates that
the hadron helicity selection rule is significantly violated
in y.; decays. Figure 3.5 shows the invariant mass spec-
tra of VV in different final states.

3. Measurement of the mass and width of 7, using
¥ (3686) — yn. [20]. A novel model that incorporates full
interference between the signal reaction ¢ (3686) — yn.
and the nonresonant radiative background is used to suc-
cessfully describe the line shape of 7. The 7. mass is
measured as (2984.3+0.6+0.6) MeV/c?, and the total
width as (32.0+1.2+1.0) MeV. Figure 3.6 shows the in-
variant mass distributions for the decays KsK*n~ +c.c.,
K*K~ 7% nntn~, KsK*n*n n~ +c.c, K*K-ntn~n° and
3(n*n~) with the fit results (for the constructed solution)
superimposed.
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Fig. 3.4. (color online) Measurement of &. in w(3686) de-

[7]

Fig. 3.5.

cays. (a) The n° recoil-mass spectrum and the fit in the E1-
tagged analysis of y(3686) — 7%h., h. — yn.. (b) The 7° re-
coil-mass spectrum and the fit in the inclusive analysis of
¥ (3686) — n°h.. The fits are shown as solid lines, the back-
ground as dashed lines. The insets show the background-
subtracted spectra.
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(color online) Observation of the y.; decay into
vector meson pairs. The invariant mass spectra of VV are
shown for (a) ¢¢ mode in the y2(K*K~) final state, (b) ¢¢
mode in the yr*zn~a°K*K~ final state, (¢) ww mode in the
y2(r* 7~ ) final state, and (d) w¢ mode in the yr* 7 2K+ K~
final state.

4. First observation of the M1 transition between the
radially excited charmonium S-wave spin-triplet and the
radially excited S-wave spin-singlet states: iy (3686) —
vn:(2S) [21]. The analyses of the processes i (3686) —
yne(28) with 1.(2S) - KK*n* and K*K~n°, give an
n.(28) signal with a statistical significance greater than
10 standard deviations under a wide range of assump-
tions for the signal and background properties. The
product branching fraction By (3686) — yn.(2S)) X
B(ne(2) - KKn) is measured as (1.30 +0.20 £ 0.30) x 107,
Figure 3.7 shows the invariant mass spectrum for
Kg K*n%, and the simultaneous likelihood fit to the three
resonances and combined background sources.

5. Observation of the &, radiative decay h. — yn’ [22].
Events from the reaction channels i, — yn’ and yn are
observed with a statistical significance of 8.40- and 4.00,
respectively, for the first time. The branching fractions
for h,—yn’ and h.—yn are measured as B(h, —
y7')=(1.52£0.27+029)x 1073 and B(h. — yn) = 4.7+
1.5+ 1.4)x 107, Figure 3.8 shows the results of the simul-
taneous fit of the invariant mass distributions of M(yn’)
and M(yn) .

The above list represents only a part of the important
results from the BESIII w(3686) data set; more results
can be found on the BESIII publication page [23].

3.2.3 Prospects of the charmonium program

We continue to explore important physics topics via
charmonium decays. A few of these include: searches for
new decay modes of the 4., measurements of M1 trans-
ition processes and properties of the associated charmoni-
um states (an M1 transition working group has been
formed), and systematic analyses of baryon final states.
For many channels with larger statistics, amplitude ana-
lyses are being applied to extract more physics informa-
tion. With more y(3686) data, we can search for addition-
al decay modes of the n., n.(2S) and h., give more pre-
cise measurements of the masses and widths of the n,
n.(28) and A, (and better understand the line shapes asso-
ciated with their production), perform partial-wave ana-
lysis (PWA) on more channels, etc. Among these topics,
some important measurements may require more y(3686)
data in order to achieve the desired precision.

For h. — hadrons, at present only three channels are
observed and the sum of their branching fractions is only
about 1.5% [24]. Many more hadronic decay modes are
expected and will be searched for at BESIII. For a 50 sig-
nificant observation of the %, decay channel with the
branching fraction of 5x107*, a sample of 2x10°
w(3686) events is needed with the assumption that this
channel is produced via the ¥ (3686) — n°h. transition,
with 10% efficiency for the detection of the final states,
and a similar background level to the 7*77° channel.
With such a data sample, %, hadronic transitions, such as
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Fig. 3.6.

(color online) Measurement of the mass and width of . using y (3686) — yn.. The invariant mass distributions for the decays

KsK*n~, K*K~n°, natn~, KsK*n*n n~, K*K~ 7"~ n°, and 3(x*n~) are shown with the fit results (for the constructive interference solu-

tion) superimposed. Charge conjugate modes are included.
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Fig. 3.7.  (color online) First observation of the M1 trans-

ition ¥ (3686) — yn.(2S). The invariant mass spectrum for
K(S’ K*r* and the simultaneous likelihood fit to the three res-
onances and combined background sources are shown.

the spin-flip transition h. — n*7~J/y and its radiative de-
cays, can also be searched for.

Compared with E1 transitions, the rates for M1 trans-
itions between charmonium states are much lower. With
the previously collected yw(3686) data sample, the first
observation of the M1 transition ¢ (3686) — yn.(2S) was
reported by BESIII [21]. However, in order to under-
stand 7.(2S) better and to measure its mass, width, and
decays more precisely, more w(3686) data is necessary.
For example, for the observation of the 7.(2S) decay into
a channel with the production branching fraction
B (3686) = y1c(28)) x B(:(2S) — KsK3r) of about
5x107% a sample of 10° w(3686) events is needed with
the assumption that the detection efficiency is about 5%,

where the low efficiency and high background levels are
due to the softness of the transition photon. With such a
large sample, we could also study the 5. charmonium
state via the M1 transition to improve the precision of
By (3686) — yn.) and its comparison with theoretical
predictions. A measurement of By (3686) — yn.(2S))
could be used to extract the absolute branching fractions
for some specific 7.(2S) decays. There are other radiat-
ive transitions, such as 7n.(2S)— yJ/¥, n.(2S)— yh,,
X2 = Yhe, and h. — yy.0,1, that are challenges for BESIII
even with a sample of 10° y(3686) events because of low
decay rates, or difficulties in detecting soft photons.
These rates can be calculated in the potential model [1]
and experimental searches are therefore important [25].

In addition to the radiative transitions, hadronic trans-
itions are also very important and can be calculated bet-
ter than the hadronic decays of charmonia. It is interest-
ing to observe or find evidence of hadronic transitions
such as the spin-flip y.1 — 7y, and h. — xnJ/y, for
which only upper limits are known at present. We have
estimated the needed statistics to see evidence of the
transition y.; — 7*7 . and found that at least 10°
w(3686) events are needed according to the previous BE-
SIII results [26]. Note that in Ref. [26] only two 7. had-
ronic decay channels were used. If more decay modes are
included, a smaller data set could satisfy the require-
ments. To uncover evidence of h, — nnJ/y, a sample of
ot least 2x10° w(3686) decays is needed with the as-
sumption that there is no background. There are other
hadronic transitions, such as (3686) — nJ/¥ and
¥ (3686) — n%J/y, that have been observed with the
present BESIII y(3686) data sample and will be im-
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proved with a larger one.

Besides the transitions between charmonium states,
there are also decays of charmonia that should be meas-
ured. Both radiative decays and hadronic decays of char-
monium states should be studied for a better understand-
ing of charmonium decay dynamics. From Ref. [27], the
typical branching fraction of y.; — yV, where V repres-
ents a vector resonance, is about 107°. This means a
sample of 10° y(3686) events would be needed to ob-
serve the signal if we assume that the intermediate
product branching fractions are 80% and the selection ef-
ficiency is 30%. Since the branching fractions for
n. —yV are expected to be similar to 7. — yy, they
should be at the 10~* level. The improved measurement of
n. — vy will shed light on the effects of higher order
QCD corrections, as well as provide validation of the de-
coupling of the hard and soft contributions in the NR-
QCD framework due to its simplicity [28, 29]. With the
present w(3686) data sample at BESIII, the processes
¥ (3686) — yn° and yn have been observed for the first
time [30]. There are also many studies of J/y and
w(3686) decays into ypp, yK* K™, yn*n~, etc. With a lar-
ger w(3686) data sample, all these measurements will be
improved.

Additional and better measurements of w(3686) had-
ronic decays are crucial to help solve the long standing p-
7 puzzle [17]. The ratio of the branching fractions of J/y

and w(3686) is expected to hold to a reasonably good de-
gree to 12% based on pQCD, for both inclusive and ex-
clusive decays. However, this relation was observed to be
severely violated for the prr and several other decay chan-
nels. From the BESIII results already obtained, it has be-
come clear that kinematic effects, which have been previ-
ously ignored, might contribute significantly, and that the
amplitude analysis method might also be necessary to
clarify the different dynamic processes between the J/y
and y(3686). For charmonium states beyond the open-
charm threshold, the studies of their decay to open-charm
states will not only provide information about the decay
mechanism, but also serve for spectroscopy studies. Fur-
thermore, it is interesting to study the non-pp decays of
¥(3770), such as Y(3770) = pp, ppr°, Y, Yxer, YNe(2S),
and 77~ J/y. These can be studied using the data collec-
ted on and around the ¥(3770) peak.

The two-body baryonic decays of the y., can provide
information about the color-singlet and color-octet contri-
butions. In addition, systematic studies of two-body ba-
ryonic decays of the J/y and w(3686) will shed light on
the relative angle and magnitude of the electro-magnetic
and strong interaction amplitudes [31]. The 7.(2S) and A,
decays into pp have been searched for based on the
1x10% w(3686) decay sample at BESII and no obvious
signal has been observed [32]. To find evidence of both, a
data sample of 2x10° yw(3686) decays will be required
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under the assumption that the efficiency is about 40% and
that there is no background. Also, a similar data set is
needed to study the Bell inequality [33], SU(3) flavor
symmetry [34], and CP violation [35, 36]. Measurement
of the three-body baryonic decays of higher excited char-
monia will provide more information about the excited
baryonic states, where amplitude analysis will be re-
quired.

Some rare decays can be searched for with larger
w(3686) data samples such as the C-violating process
JIw — vy via ¢ (3686) - anJ/y. This is discussed in
Chapter 6 on new physics.

For the excited conventional charmonium states bey-
ond the open-charm threshold there are still many un-
solved puzzles. There are only four 1~ states between 4.0
and 4.6 GeV predicted by the potential models, but the
number of observed vector resonances is larger. The
masses and partial widths of these states decaying into
ete” (T',.) can be calculated with the potential models as-
suming they are conventional charmonia. However,
strong coupling to open-charm meson pairs and relativist-
ic corrections significantly change both the spectrum and
... Better measurements would be very helpful to clarify
the situation. BESIII has observed the y(13D,) state
X(3823) via its decay into yy.; [37], but many predicted
states, such as 1F, 3S, 2D, 1G, 3P, 2F, 4S, 3D and 2G
have not been observed yet. The properties of the excited
conventional charmonia will be studied with the data sets
collected for the XYZ states.

BESIII has already collected scan samples around the
J/y, w(3686), and y(3770) peaks, as well as those above
4.0 GeV. These samples are dedicated to some specific
problems that can be studied better at BESIII than else-
where, such as the determination of resonance paramet-
ers, line shapes, interference between strong and EM
amplitudes in resonance decay, etc.

Some tentative measurements and the needed w(3686)
samples are listed in Table 3.1. From this table, a sample
of 3x10° w(3686) events may guarantee the expected
precision and lead to exciting discoveries. However, at
present we consider that XYZ physics is a higher priority,
and prefer to take the y(3686) data only after finishing

Table 3.1.
the 5o and 30 significance of the signal.

the proposed XYZ program.
3.3 XYZ Physics

The discovery of the XYZ states has opened a new era
in the study of the charmonium spectrum [38-43]. Before
the discovery of the X(3872) in 2003 [44], every meson in
the mass region between 2.9 and 4.5 GeV/c™ could be
successfully described as a c¢¢ bound state. Simple poten-
tial models, using the QCD-inspired potentials binding
quarks and antiquarks, could reproduce the spectrum of
charmonium states all the way from the 7.(1S) (the
ground state) up to the ¥(4415) (usually considered as the
third radial excitation of J/y) [2]. This simple model of
charmonium spectrum has since broken down in a dra-
matic fashion. Following the discovery of the XYZ states
(Fig. 3.1), we now observe exotic hadronic configura-
tions containing charm and anticharm quarks. These new
configurations, such as tetraquarks, hadronic molecules,
and hybrid mesons, allow us to probe the mysterious non-
perturbative QCD which underlies how quarks and
gluons combine into larger hadronic composites.

The X(3872), the first of the XYZ states discovered,
was discovered in 2003 by the Belle Collaboration in the
process B — KX(3872) with  X(3872) - n*n J/y
[44]. Its unexpected appearance, combined with its nar-
row width and the fact that its mass is very close to the
DD mass threshold, immediately signaled that the
X(3872) is an unusual meson. Since its discovery, many
of its properties have been determined [5]. For example,
its total width is less than 1.2 MeV, its mass is within
0.18 MeV/c’ of the DO threshold, it has J¥C = 1**, and
in addition to ntn~J/y, it decays to pDOD*0 with a large
branching fraction, yJ/y, v (3686) and wJ/y. It is cur-
rently believed to be a mixture of the y.;(2P) and a tetra-
quark or meson molecule [38-43]. However, many im-
portant open questions remain and further investigation is
needed.

In 2013, BESIII discovered a way to experimentally
access the X(3872) via the process e*e™ —yX(3872) using
cms energies in the vicinity of 4.26 GeV [45], which in it-
self provides an important hint of the relation between the
Y(4260) and X(3872) [46]. This discovery has initiated a

Some tentative measurements and required w(3686) sample to achieve the desired precision. The observations and evidence correspond to

measurement expected sensitivity on branching fraction needed v (3686) sample in 10°
he — hadrons observation of 5x 10™* 2
n:(28) » X observation of 1 x 107® 5
Xel = TN, evidence of 3 x 1073 >1
he > =]y evidence of 2x 1073 >2
Xes YV observation of 1 x 1076 1
he — pp evidence of 2x 107* >2
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new and vigorous program at BESIII of searching for
new decay modes of the X(3872), which in turn offer new
insight into its nature.

The discovery of the X(3872) quickly led to the dis-
covery of many more states with exotic configurations of
quarks and gluons. For example, the search for the decay
X(3872) — wJ/y led to the discovery of the X(3915) in the
process B — KX(3915) with X(3915) - wJ/y [47]. This
state was originally a candidate for the quark model
xc0(2P) state, but its mass and decay patterns were incon-
sistent with that interpretation. Moreover, since that time
a better candidate for the y.o(2P) state, the X(3860), was
discovered [48] (see also in Ref. [49]). This leaves the
nature of the X(3915) an unsettled question. Searching for
the X(3915) in the process e"e™ — yX(3915) is currently
an important topic at BESIIL. In addition, it is also im-
portant to search for resonant signals for the broad the
X(3860) and the conjectured narrow 2+*+ X, with a mass
around 4 GeV/c’ [50], the predicted spin partner of the
X(3872), in the process ete™ — yDD.

Following the discovery of the X(3872) , Y(4260) was
discovered by BaBar using the Initial State Radiation
(ISR) process ete” (yisr) — Y(4260) with
Y(4260) —» n*n~J/y [51]. Because of its production
mechanism, we can immediately infer that it has
JPC€ = 17=. However, its mass is inconsistent with any of
the known or expected charmonium vector excitations.
For example, its mass lies between the masses of the
W(4160) and y(4415). It is therefore supernumerary.
LQCD calculations [52], as well as other models [53],
suggest that the Y(4260) could be a hybrid meson. Anoth-
er intriguing model that considers the Y(4260) as strongly
coupled to the D{(2420)D predicts a nontrivial behavior
of its line shape [54, 55]. At BESIII, the Y(4260) can be
produced directly by simply tuning the cms energy of
e*e” collisions to the mass of the Y(4260). In the same
way, BESIII can also directly produce the Y(4360) (seen
in ete” - 1717y (3686)), and can search for new Y states.
The BESIII discovery of a multitude of new Y states (or
the discovery of a complicated coupled-channel system)
is further described in the next section (Sec. 3.3.1).

The final, and perhaps the most interesting, class of
exotic structures are the isovector Z, states. Since they are
known to contain an isosinglet ¢¢ pair, they must also
contain light quarks to account for the non-zero isospin.
One of the first of these states to be observed, the
Z.(3900), was discovered by BESIII in the process e*e™ —
n*Z.(3900)* with Z.(3900)* — n*J/y [56]. Its two dis-
tinctive features are that it carries an electric charge and it
has a mass near the pp* threshold. This suggests that it is
a candidate for a meson molecule or tetraquark with res-
cattering effects due to the presence of the pp* threshold,
and that more complicated kinematical singularities are

also expected to be important. The line shape of the
Z.(3900) and how that shape evolves with cms energy
will be one of the keys to its interpretation. As described
in more detail later, disentangling the nature of the
Z.(3900) is one of the primary goals of the BESIII XYZ
program.

Since the discovery of the Z.(3900), other Z. states
have also been discovered. For example, BESIII dis-
covered the Z.(4020) in the process ete™ — 77 Z.(4020)*
with Z.(4020)* — n*h.(1P) [57]. Its mass is close to the
D*D* threshold, suggesting it is closely related to the
Z.(3900).

So far, the Z.(3900) and Z.(4020) have only been pro-
duced in e*e” collisions with cms energies around
4.2—-4.4 GeV with possible connection to the reported Y
states. Other potential production mechanisms, such as
B — KZ. decays, appear to be insensitive to the Z.(3900)
and Z.(4020) states. A different class of Z. states has been
discovered in B decays, among which the most promin-
ent one is the Z.(4430) seen in B — KZ.(4430) with
Z.(4430)* — 7=y (3686) [58]. The reason why one class of
Z. states is produced in e*e~ collisions and a different
class in B decays remains a fascinating open question.

3.3.1 Overview of BESIII accomplishments

The goal of the XYZ physics program at BESIII is to
understand the novel phenomena apparent in the spec-
trum of charmonium states with masses above the open-
charm threshold, as outlined in the previous section. The
presence of the XYZ states provides an ideal opportunity
for BESIII to study exotic and unexplored features of the
strong force. BESIII is currently in a unique position to
both directly access a large number of these states and to
search for new states in their decays. Note that a given Y
state, because it has JF¢ =17, can be produced directly
at BESIII by the appropriate choice of the cms energy of
e*e” collisions.

BESIII has already made significant progress in the
studies of XYZ states. The existing data sets are shown in
Fig. 3.9. We originally had “large” data sets (with integ-
rated luminosity at or above 500 pbfl) at only a few e*e”
cms energies: 4.01, 4.18 (primarily used for D, physics),
4.23,4.26,4.36,4.42 and 4.6 GeV. In 2017, we collected
large samples at seven additional energies between 4.19
and 4.27 GeV, and in 2019, eight additional energies
between 4.28 and 4.44 GeV.

Using the limited amount of data collected prior to
2017, we have already made a number of important dis-
coveries and measurements. Here we highlight eight of
the most important measurements:

1. We discovered the Z.(3900) in the process ete™ —
n*ZF with ZF — n*J/y [56], shown in Fig. 3.10(a). Since
the Z.(3900) has a mass in the charmonium mass region
and decays to J/y, we know that it includes c¢¢ quarks.
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Fig. 3.9. (color online) BESIII data sets that are relevant for

XYZ physics. The data sets collected prior to 2019 are
shown in black, those collected in 2019 are in green, and
those considered for potential future measurements are
shown in red.

However, since it has an electric charge, it must include
additional quarks. The Z.(3900) is therefore a good can-
didate for a tetraquark or meson molecule.

With 680 citations (as of Oct. 9, 2019), this publica-
tion is the most-cited of all BES papers (including BES
and BESIII). Additional work is ongoing to better de-
termine the internal structure of the Z.(3900).

2. We discovered the Z.(4020) in the process ete™ —
n*ZF with ZF — n*h, [57], shown in Fig. 3.10(b). Like
the Z.(3900), the Z.(4020) contains c¢ quarks and is elec-
trically charged. While the Z.(3900) is near the DD*
threshold, the Z.(4020) is near the p*pD* threshold. With
337 citations (as of Oct. 9, 2019), this publication is the
second-most cited BESIII paper.

3. We observed the Z.(3900) decay into the open-
charm channel (DD* +c.c.)* [59], shown in Fig. 3.10(c).
With 258 citations (as of Oct. 9, 2019), this publication is
the fourth-most-cited BESIII paper.

4. Similarly, we observed the Z.(4020) decay into the
open-charm channel (D*D*)* [60], shown in Fig. 3.10(d).
Observation of the Z.(3900) and Z.(4020) decays into the
open-charm channels (and the lack of evidence of
Z.(4020) decays into (DD*+c.c.)*), combined with the
fact that their masses are close to threshold, suggests that
the nature of the Z.(3900) and Z.(4020) is somehow in-
timately tied to these channels. With 291 citations (as of
Oct. 9, 2019), this publication is the third-most-cited BE-
SIII paper.

5. We precisely measured the cross-section of
e*e” - ntn~J/y [61]. Since this reaction led to the dis-
covery of the Y(4260), the aim of our measurement was to

precisely determine the parameters of the Y(4260). In-
stead, what we observed was a cross-section that was in-
consistent with that arising from a single ordinary reson-
ance, as shown in Fig. 3.10(e). The cross-section was suc-
cessfully fitted using two resonances: one with a narrow
total width and mass around 4.22 GeV/c’ , and the other
with a wider total width and mass around 4.32 GeV/c’.
Thus, the Y(4260), one of the first XYZ states to be dis-
covered, is either composed of two resonances or has a
highly nontrivial line shape due to other dynamics, such
as strong coupling to the D{(2420)D. In addition, we ob-
served the decay Y(4260) — n%2°J/y and the neutral
Z,(3900) in e*e” — 7°Z% — 7°7%J/y [62]. This further ce-
ments the case that the Z.(3900) is an isospin-1 state with
¢t core.

6. We discovered two peaks in the cross-section of
ete” > ntnh, [63], shown in Fig. 3.10(f). Along with
the above described measurement of ete™ — ntn J/y,
this indicates that the family of Y states is more complic-
ated than was originally thought. In particular, these two
final states have different total spins of the charm and an-
ticharm quark pair. The masses and widths of the peaks in
n*n~h. and 7~ J/y are inconsistent.

7. We discovered a peak in e*e™ — wyo [64], shown
in Fig. 3.10(g), that is inconsistent with the reported para-
meters of the Y(4260). This suggests that either there is
another Y state in this mass region, or that the mass of the
Y(4260) should be shifted downwards.

8. We discovered the process e*e™ — yX(3872) [45],
shown in Fig. 3.10(h), which hints at the existence of ra-
diative decay Y(4260) — yX(3872). This is a unique trans-
ition in the sense that it is a transition between two states
whose nature is unclear. This suggests that there is an in-
timate connection between the Y(4260) and the X(3872).

There is currently a great interest of the community in
XYZ physics, as is clear from the high profile of BESIII
papers mentioned above. Since the nature of most of
these phenomena is yet to be understood, the theory com-
munity has been especially active in developing new
techniques to aid the interpretation of XYZ states [38-43].
This has led to many innovations. What is currently
needed, however, is more high precision data. Therefore,
new data that BESIII will provide is much anticipated and
will be put to immediate use.

3.3.2 Broad problems in XYZ physics

The XYZ results from BESIII have helped uncover
several broad problems in the field, and these are the sub-
ject of intense studies at BESIIL. Below, they are labe-
led the “Y problem”, the “Z problem”, and the “X prob-
lem”. With more data, BESIII is in the unique position to
definitively address all three. This section includes a de-
scription of the problems and indicates a variety of ways
they can be addressed at BESIII.
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Fig. 3.10. (color online) A selection of XYZ results from BESIII: (a) discovery of the Z.(3900) [56]; (b) discovery of the Z.(4020) [57];
(c) discovery of the open-charm decays of the Z.(3900) [59]; (d) discovery of the open-charm decays of the Z.(4020) [60]; (e) obser-
vation of Y(4260) — n*n~J/y [61]; (f) discovery of two peaks in ete™ — ntn~h. [63]; (g) discovery of a peak in e*e™ — wy.o [64]; (h)
discovery of ete™ — yX(3872) [45].
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(1) The Y problem

Exclusive e*e™ cross-sections have shown surpris-
ingly complex behavior as a function of cms energy. The
Y(4260) is more complex than a single ordinary reson-
ance, as shown by the complicated line shape of the
ete” — ntn~ J/y cross-section in Fig. 3.10(e); the Y(4360)
and Y(4660) are seen in ete” — ntn "y (3686); two other
peaks are seen in e*e” — xtn h. in Fig. 3.10(f); the
Y(4220) is seen in e*e” — wyo in Fig. 3.10(g), etc. A
summary of the masses and widths of resonances extrac-
ted from recent BESIII results is shown in Fig. 3.11.
There is currently very little consistency between differ-
ent reactions. Furthermore, none of these complicated
features are apparently present in the inclusive e*e”
cross-section, which only shows evidence of the ¥(3770),
¥(4040), (4160), and ¥(4415) [65]. This is the “Y ” prob-
lem. Are the many peaks seen in the e*e™ cross-sections
really new states? Or are they the results of more subtle
effects? With new data, will new patterns emerge? What
are their exact line shapes? Will they match theoretical
predictions, such as a very asymmetric line shape of the
Y (4260) obtained in the molecular frame [55]? With lim-
ited number of data points (cms energies), there is little
hope of resolving the issue. We require (1) more data for
a variety of cms energies, and (2) a global and simultan-
eous analysis of many final states. The latter effort will
likely require close collaboration with the theory com-
munity, in particular in view of amplitude analysis.

(2) The Z problem

BESIII discovered the Z.(3900) in the e*e” —
ntn~J/y events at a single cms energy of 4.26 GeV, as
shown in Fig. 3.10(a). Higher-energy data, however, re-

Parameters of the Peaks in e*e” Cross Sections
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Fig. 3.11. (color online) A collection of resonance paramet-

ers as determined from fits to e*e™ cross sections. Each el-
lipse encloses 1o around the measurements of resonance
parameters, where the size of the ellipses are determined by
adding together the statistical and systematic uncertainties
in quadrature. The parameters are from inclusive hadronic
cross sections [65]; nta~J/y [61]; x* 7~y (3686) [66]; ntn~ he
[63]; xDD* +c.c. [67]; yX(3872) [68]; and wy.o [69].

vealed more complex structures. There is a similar situ-
ation in e*e” -t Y (3686), where the lower-energy
data appear relatively simple, but the Dalitz plots at high-
er energies are more complex [66]. This is the “Z” prob-
lem. How do the Z. structures produced in e*e™ annihila-
tion change as a function of the e*e™ cms energy? Will
their properties remain constant, as would be expected for
a true resonance, or will their properties change, which
would indicate a discovery of other effects (which are
also important to study)? Again, BESIII is in a unique po-
sition to address this problem. Again, we require large
data sets at a variety of energies, and we require closer
cooperation with the theory community.

Using the existing data samples, BESIII has success-
fully determined the quantum numbers of the Z.(3900) as
JP =1* [70]. However, the data samples have so far been
insufficient to measure the phase of the Z.(3900) with re-
spect to the other amplitudes present in ete™ — x* 7~ J/.
Such an effort to measure the Argand diagram for the
Z.(3900) is currently being explored. Determining the line
shape of Z.(3900) and studying its phase motion would
allow to distinguish between different models of the
nature of the Z.(3900) [71]. There are at least two chal-
lenges. First, a larger data sample at a single cms energy
is required. Second, and perhaps more importantly, we
must understand all the other resonances that are present
in the n*n~J/y Dalitz plots. The measurement of the
phase of the Z.(3900) (and even the magnitude of its amp-
litude) is only as good as our understanding of the para-
metrization of the rest of the Dalitz plot. This is a challen-
ging issue.

Another route for understanding the nature of the
Z.(3900) would be to look for patterns of other Z, states.
BESIII has already discovered the Z.(4020), which seems
to indicate that the pp* and p*pD* thresholds play an im-
portant role in the properties of Z.. Another important
subject may be the putative strange hidden-charm states,
like Z.;, where the up or down quark in Z. is replaced
with a strange quark. If a Z,, state exists, perhaps decay-
ing to KJ/y, this would provide another crucial handle
for the nature of Z, states. To search for heavier Z,, states,
larger samples of higher-energy data will be required.

(3) The X problem

The interpretation of the X(3872) is intimately related
to the problem of determining the parameters of the con-
ventional 2P c¢ states — the spin-triplet y.;(2P) and the
spin-singlet 4.(2P). This is because the X(3872) with
JPC€ =1** certainly contains some admixture of the
Xc1(2P) state. Sorting out the spectrum of states in this re-
gion, and determining which are exotic and which are
conventional and how they mix, is the “X” problem.

One important piece of information in the program of
sorting out the 2P states is the mass of the A4.(2P). Once
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this state is found, it will indicate where the y.;(2P) states
are located. Then the states deviating from this pattern
can be identified as exotic. Since there is clear evidence
of ete™ - ntny(1S,2S) and n*n h(1P) at BESIII, one
also expects to produce the n*z~h.(2P). Search is under-
way, but larger data sets at higher cms energies are
needed.

At least in principle, BESIII also has access to a vari-
ety of other X states via radiative transitions ete™ — yX,
in a similar way that the X(3872) is produced. This is be-
ing used, for example, to search for the X(3915) in the
process e*e” — ywJ/y, and to search for the X(4140) in
ete” sypJ/y.

3.3.3 Possibilities for XYZ data taking

The X, Y and Z problems are all Tier A physics prior-
ities for the charmonium group. All could benefit from
additional data sets. Three qualitatively different types of
data taking plans are discussed below, each targeting dif-
ferent topics.

(1) High-statistics scan from 4.0 to 4.6 GeV

To study the Y problem, we need a detailed scan of
the cross-sections between 4.0 and 4.6 GeV. The range is
chosen in order to study a wide range of channels, im-
portant to achieve a more global picture of this region.
We propose 500 pbf1 per energy point, and points spaced
in intervals of 10 MeV. The intervals were chosen to cov-
er the possibility of narrow features — the narrowest of the
XYZ states discovered by BESIII is currently the Z.(4020)
with a width of 7 MeV, and the nnJ/y cross-section
shows rapid changes between 4.20 and 4.23 GeV. Other
cross-sections are likely to include other rapidly chan-
ging features. A series of simulations are shown in Fig.
3.12. The background rates and efficiencies are based on
the existing data. The cross-section shapes are only
guesses; they need to be measured. Statistical fluctu-
ations are not included. The error bars, however, are reli-
able estimates. The top part of Table 3.2 shows the preci-
sion with which cross-sections could be measured for a
few select channels at 4.30 GeV.

This high-statistics scan would also allow to study the
way the Z, states evolve with cms energy. Changes in the
shape of the peaks and/or their production cross-sections

would provide clues about the nature of Z.. By combin-
ing data sets at different cms energies, we could also bet-
ter explore the X problem.

(2) A series of higher-statistics points

For the Z problem, especially for the detailed studies
of the Argand diagrams, we require very high statistics
samples at a few points. We currently have 1 e*e™ of data
at the e*e™ cms energy of 4.42 GeV. For the nnJ/y chan-
nel, this is not sufficient to definitely resolve the sub-
structure. We require of the order of 5 ! per point to
have adequate statistics for an unambiguous analysis of
the Dalitz plot. Three or four of these high-statistics
points would likely reveal the nature of the energy de-
pendence of the Dalitz plot. A working group is studying
the substructure in the various channels using the 4.42
GeV data. As the working group progresses, the require-
ments for the future data taking will become clearer. The
lower part of Table 3.2 lists the expected number of
events for a few channels given future 5 o' data
samples.

(3) Possibilities for data above 4.6 GeV

If BESIII could provide data above 4.6 GeV, a num-
ber of new exciting possibilities would become access-
ible. Here we list five cases. (1) We know that there is an
unexplained peak at 4.66 GeV in the e*e™ — 7777y (3686)
cross-section. BESIII would be able to produce and study
it directly. (2) We could also study the peak at 4.63 GeV
in the ATA cross-section. (3) We could search for new
peaks; it seems likely that not only these two exist. These
three goals would extend our study of the Y problem. (4)
Production of a Z. tetraquark candidate in the process
e*e” - KZ., with Z.; —» KJ/y would require cms ener-
gies above 4.6 GeV if Z. is near the D;D* or DD
threshold. (5) Data significantly above 4.6 GeV provide
access to additional charmed baryon thresholds. BESIII
would thus be able to study charmed baryons in a
uniquely clean environment. (6) Data above 4.6 GeV
would provide a unique opportunity to search for the ex-
cited 1+~ h. state, expected to be around 3.9 GeV as
shown in e*e™ — nDD*. The identification of this state
would likely help clarify many of the J** states between
3.8 and 4.0 GeV.

Table 3.2. Requirements for XYZ data taking for a few select channels.

channel data plan luminosity cross-section precision # of events
Las /Il 1) 500 pb ' at 4.30 GeV 3% 1270
7t he(1P) 1) 500 pb ' at 4.30 GeV 9% 220
I/ n 500 pb ' at 430 GeV 30% 28
Y (3686) 1) 500 pb ' at 4.30 GeV 3% 230
iy ) 51b ' at4.23 GeV <1% 18k
Lag il ?) 51fb ' at4.42 GeV 3% 3k
Y (3686) ?) 51b ' at4.42 GeV 2% 4k
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Fig. 3.12. (color online) Simulations of the different exclusive e*e™ cross-sections. The black points are already measured (before
2019); the green points are projections for 2019; the red points are projections for the proposal from 4.0 to 4.6 GeV, and the gray
points are from Belle. The top row shows e*e™ — ntn~J/y; the second row shows e*e™ — xtn~h.; the third row shows e*e™ — nJ/y;
the bottom row shows e*e™ — n* 7~y (3686).
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3.3.4 Comparisons with other experiments

Belle II [72] started collecting data in 2019, and will
accumulate 50 ab ' data at the Y'(45) peak by 2027. These
data samples can be used to study the XYZ and charmoni-
um states in many different ways [73], among which ISR
can produce events in the same energy range covered by
BESIII. Figure 3.13 shows the effective luminosity at the
BEPCII energy in the Belle II data samples. We can see
that 50 ab ' of Belle II data correspond to 2000 -2800
pb~! for each 10 MeV interval between 4—5 GeV. Similar
statistics will be accumulated for the modes like
ee” - rtnJ/y at Belle 11 and BESIII, taking into ac-
count the fact that Belle II has lower efficiency.

Table 3.3 lists the expected ratio of number of events
at BESIII and Belle II given the BESIII data set with 500
pbf1 per point and the Belle II sample of 50 ab . Belle II
has the advantage that data at different energies will be
accumulated at the same time, making the analysis sim-
pler than the BESIII scans over many data points. On the
other hand, Belle II needs to integrate over large energy
bins, while the BESIII data are collected at individual en-
ergy points with an energy spread of around 2 MeV.

The LHCDb experiment has also made a large contri-
bution to our understanding of the XYZ mesons. The
strength of LHCb for studies of B decays to final states
where all particles are charged cannot be matched by the
e*e” facilities. For example, LHCb has made a precision
measurement of the X(3872) in the process B — KX with
X - atnJ/y and J/y — ptu~ [74]. The discovery of the
process B — KY(4260) with Y(4260) — nZ.(3900) at DO
[75, 76] may give LHCb an opportunity to study the
Y(4260) and Z.(3900) in detail. However, since most of
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Fig. 3.13. (color online) Effective luminosity at the low en-

ergy in the Belle and Bellell T(4S) data samples.

the XYZ particles decay to final states with neutral
particles, the LHCDb experiment is mostly complementary
to the BESIII experiment. In contrast to BESIII, LHCb
does not feature a high quality electromagnetic calorimet-
er. Thus, the identification of soft neutral pions and
photons is difficult.

Finally, it should be noted that all three experiments
have rather different systematics, which emphasizes their
complementarity.

3.4 Summary of data requirements

Our data taking requirements are summarized in Ta-
ble 3.4. Sensitivities to various channels in XYZ physics
are given in Table 3.2; sensitivities to charmonium stud-
ies are listed in Table 3.1.

Table 3.3. A comparison of BESIII and Belle II for various channels at a few e*e™ cms energies assuming 50 ab ' of Belle II data in 10 MeV energy

bins. L and N denote the expected luminosity and the number of observed events.

ISR mode Lgesi/Lelle 11 EBESII/ €Belle 1T NBEsin/NBele 11
ntrJ)y at 4.26 GeV 0.5 /22" 46%/10% 1.07
Tty (3686) at 4.36 GeV 051 /23" 41%/5% 1.82
7Y (3686) at 4.66 GeV 0.5f /2.5 35%/6% 1.19
7t he at 4.26 GeV 051 /221" 2.7%/-% >5
K*K~J/y at 4.6 GeV 051 /241" 29%/7.5% 0.81
K*K~J/y at 4.9 GeV 0.5fb /2.7 b ~29%/10% 0.54
AFA; at4.6 GeV 051 /241" 51%/7.5% 1.42
AFA; at4.9 GeV 05271 ~37%/7.5% 091

Table 3.4. Data taking requirements for XYZ physics and charmonium physics.

plan data sets
XYZ plan (1) 500 pbf1 at a large number of points between 4.0 and 4.6 GeV
XYZ plan (2) 51b ' at4.23,4.42 GeV for large Z. samples
XYZplan (3) 5b " above 4.6 GeV

charmonium plan

3% 10% 4 (3686) decays
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Chapter 4
R values, QCD and 7 physics

4.1 Introduction

The R-QCD-r working group studies various aspects
of QCD, the accepted theory of strong interactions in the
Standard Model of particle physics. The cms energy of
BEPCII is ideally suited to study the transition region
between non-perturbative and perturbative aspects of
QCD [1]. It offers a unique laboratory for testing not only
the validity of QCD in the few-GeV energy range, but
also the validity of effective theories and hadronic mod-
els at higher energies.

BESIII has already demonstrated that the high statist-
ics and accuracy of the data, illustrated in Fig. 4.1, allow
to measure form factors of mesons and baryons with un-
precedented accuracy, with a paramount impact on had-
ron structure investigation. These form factors are not
only accessible in the time-like domain via electron-
positron annihilations, but can also be determined in the
space-like domain in two-photon scattering.

As is well known, the measurement of electron-
positron annihilation into hadrons is of the utmost import-
ance for precision tests of SM. While the measurement of
exclusive hadronic channels is needed for the hadronic
vacuum polarization contribution to the anomalous mag-
netic moment of the muon, (g-2),, the inclusive meas-
urement of the hadronic cross-section above 2 GeV can
be used to improve the knowledge of the fine structure
constant at the Z-pole. The latter is currently limiting the
precision tests in the electroweak sector of SM. Thus, its
improvement is of central importance for the physics pro-
grams at the future high-energy electron-positron col-
liders, such as the Higgs factories [2, 3]. The exclusive
channels can be measured by BESIII via the initial state
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Fig. 4.1.  (color online) Overview of the data sets and integ-

rated luminosities analyzed by the R-QCD-t working
group. R scan data (red) were collected from 2012-2015,
the J/y line shape scan (green) was performed in 2012, a
search for the production of y.; (black) was carried out in
2017, and the latest T mass scan data (blue) were acquired
in 2018.

radiation (ISR) technique, while the accuracy of the in-
clusive R-measurement will be further improved with re-
spect to measurements by BES and KEDR. Regarding
(g—2)u, BESIII can also measure the transition form
factors of pseudoscalar mesons, motivated by the hadron-
ic light-by-light scattering contribution to (g —2),.

The analysis of the high-statistics energy scan between
2.0 and 4.6 GeV allows a first precision measurement of
the neutron and hyperon form factors. In the case of hyp-
erons, theirself-analyzingdecaydoesnotonlyprovideaccess
to the absolute values of the electric and magnetic form
factors, but allows also to extract the relative phase
between them. A complementary view on hadron structure
is possible via the measurement of the Collins asymmet-
ries. The recent result obtained by BESIII extends the
previously available knowledge, which was restricted to
measurements at B factories, towards lower energies. The
picture of the non-perturbative features of QCD can be
further extended by the investigation of fragmentation
functions.

Naturally, the research program of the 7-QCD work-
ing group comprises measurements of such fundamental
parameters of SM as the mass of the t lepton. It can be
determined via an energy scan in the threshold region.
The first result by BESIII is already the most precise
measurement in the world. Further improvement is ex-
pected with new data. Moreover, the mass of the charm
quark is accessible by determining the cross-section of
e*e” — cc, which relates the physics of hadronic cross-
section measurements to yet another precision observ-
able of SM.

Finally, the precise measurements of the R value and
the 7 mass allow detailed investigation of the production
of charmonium resonances. The line shape of vector char-
monium resonances might reveal, using the relative phase
of strong and electromagnetic decay amplitudes, a more
detailed picture of their internal structure. Even the pro-
duction of non-vector resonances, like y.; in e*e™ annihil-
ation, might be observed via interference patterns with
the continuous background. Another exciting spin-off of
the BESIII R program is the investigation of the light
hadron spectrum, enabling studies of potentially exotic
resonances, such as ¢(2170).

4.2 BESIII measurements related to precision vari-
ables (g —2), and @ (s)

4.2.1 The anomalous magnetic moment of the muon

(g2),
At present, the SM prediction and the experimental
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value of the anomalous magnetic moment of the muon,
a, =(g—2),/2 [4], are determined with a relative uncer-
tainty of about one half part per million:

ay"' = (11659182.04£3.56)x 107'"  [Keshavarzi et al.] [5],
(4.1)
ai® = (116592089 +6.3)x 1071

=

[BNL — E821] [6].
4.2)
A second evaluation of a3 by Davier et al. resulted
in a3™ = (11659182.3+4.3)x107'% [7]. Depending on the
value used for a3V, a difference of 3.5 — 3.7 standard de-
viations between the SM prediction and the direct meas-
urement of g, is observed, as illustrated in Fig. 4.2.

DHMZ10 ]
Jsi1 —_—
HLMNT11 i
FJ17 [ ——
DHMZ17 b
KNT18 —t—
BNL e e |
3.70
BNL (x4 accuracy) 706 ——
I I I
160 170 180 190 200 210 220

(a,M x 10'%)-11659000

Fig. 42. (color online) Compilation of recent results for
aEM (figure taken from Ref. [5]). The “DHMZ17” and
“KNT18” points correspond to Refs. [7] and [5], respect-
ively. Also shown is the accuracy of the upcoming FNAL
measurement of aZXp with the assumption that the central
mean value of aZxP remains unchanged.

Currently, the SM prediction of a, is slightly more
precise than the experimental value, but the situation will
change soon [8]. New direct measurements have started
at FNAL [9] and a complementary project is under con-
struction at J-PARC [10]. Both aim to reduce the experi-
mental uncertainty by a factor of four. The light grey
band in Fig. 4.2 represents the hypothetical situation that
the new FNAL measurement yields the same mean value
for a;,;"” with fourfold improved accuracy.

The main uncertainties in a3 originate from hadron-
ic effects, in particular the contributions of the hadronic
vacuum polarization (HVP), ¢;**, and the hadronic light-
by-light scattering (HLbL), a}**", as shown in Fig. 4.3. Tt
is of vital importance to investigate whether physics mod-
els beyond SM [11], or poorly understood hadronic ef-
fects, are responsible for the observed difference. This is
one of the main goals of the R-QCD research program.

The current estimate of afIVF, which enters the SM

u
prediction, is based on the dispersion theory, in which the

Fig. 43. (color online) The HVP (left panel) and HLbL
(right panel) contributions to the anomalous magnetic mo-
ment of the muon.

experimental measurements of the annihilation cross-sec-
tion e*e” — hadrons are used as input for the evaluation
of the dispersion integral:

VP (%)2 foo dsRhad(s)K(S)’ 4.3)
4

K 3 52

where K(s) is a kernel varying from 0.63 at s = 4m2 to 1.0
at s=oco, and my(m,) is the nominal mass of the pion
(muon).

In Ref. [5], the leading order hadronic contribution
was calculated as aji " = (684.68 £2.42)x 107'%. At BE-
SIII, we are aiming at a further reduction of the uncer-
tainty of a;/"" by measuring the exclusive channels of
Rnaa in the most relevant energy range. Figure 4.4 shows
the contributions of various exclusive hadronic channels
to the absolute value (left) and the uncertainty (right) of

;" As can be seen, the channels with 7*z~, 7*a"z°,

atn %2 and KK are the most relevant, and the current
efforts at BESIII are precisely focused on these channels.
A major program of hadronic cross-section measure-
ments, which is presented in detail in Sec. 4.2.3, has been
launched.

Beyond HVP, the next important contribution to the
uncertainty of (g —2), is the HLbL contribution, shown in
the right panel of Fig. 4.3. The leading contribution in the
HLDbL diagram is the coupling of photons to pseudoscal-
ar mesons 7,7, 17/, as well as the channels 7z and 77, as
shown in Fig. 4.9. So far, hadronic models have been
used for the calculation of the HLbL diagram. Although
most groups report similar absolute values of the HLbL
contribution, the assumed uncertainties largely differ. The
calculation with the lowest uncertainties is from Prades,
de Rafael, and Vainshtein [12], who find af*""=
(10.5+2.6)x 10710,

Very recently, new theoretical approaches to calcu-
late the HLbL contribution were proposed by the groups
from Bern and Mainz [13-19] by exploiting the disper-
sion relations. Measurements of the form factor of the
two-photon coupling yy — P, where P is a one-hadron or
two-hadron system, are of special interest. The Belle and
BaBar collaborations have determined these couplings,
referred to as meson TFF, for the lightest pseudoscalar
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all channels

additional channels > 1.8 GeV
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Fig. 4.4.

(right) of aEIVP, demonstrating the importance of the processes e*e”™ — n*n™, e*e” -t

ete” — KK (numbers taken from Ref. [5]).

mesons. However, the results at the B-factories were only
obtained for very large momentum transfers above 2
GeV, while measurements at low momentum transfers
are required for the HLbL contribution. This is illustrated
in Fig. 4.5, which shows the weight of the light pseudo-
scalar TFFs in the HLbL calculations [20] as a function
of the two virtualities Q; and Q, of the photons. It can
clearly be seen that the region of small momentum trans-
fer is the most relevant. This is exactly where BESIII can
provide precision results.

In summary, an improvement of the SM prediction of
(g—2), is urgently needed in view of the two upcoming
direct measurements of a, at Fermilab and J-PARC with
a fourfold improved precision. In the White Paper of
2013 [21], it was argued that new experiments, like the
ones carried out at BESIII, should lead to a reduction of
the SM uncertainty of a, down to 3.5x107'°. Recent
evaluations in Refs. [5, 7, 22] showed that such accuracy
has almost been achieved. BESIII contributed to this
achievement. The future program at BESIII, together with
new analyses by BaBar, Belle Il and elsewhere, will lead

0)

w

w1(Q1,Q2, T
-
ot

05 n Q2 [GeV]
O [Gev] 1.5 9

Fig. 4.5. (color online) Weight of the transition form factors
of the lightest pseudoscalar mesons in the calculations of
aL{LbL as a function of the virtualities of the two photons.
Figure taken from Ref. [20].
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(color online) Contributions of the different channels and energy ranges to the absolute value (left) and the uncertainty

0 ete™ > 7t 27°, and

to an additional significant reduction. The midterm goal
is to reduce the HVP and HLbL uncertainties to the level
similar to the future experimental uncertainty, i.e.
1.6 x 1071%, It should also be mentioned that since 2017
the theoretical and experimental work in view of af,jM is
coordinated by the g —2 Theory Initiative [23], which is a
consortium of theoretical and experimental physicists
working towards an improved SM prediction. Members
of the BESIII collaboration are part of this consortium.

4.2.2 The running of the electromagnetic fine structure

constant, aem(s)

Due to vacuum polarization effects, the electromag-
netic fine structure constant a.n is a “running” quantity.
Its value increases with increasing momentum transfer s
of the scattering process. The effective running of the fine
structure constant as a function of s is usually paramet-
rized in SM in the following way:

a(0)

= 4.4
Aem(S) (1= Adem(s)) 4.4

Adem(s) = A (5) + Aalin O (s) + Adgh(s).  (4.5)
In the above formula, Aa}fﬁﬁt denotes the vacuum polariza-

tion effects due to lepton loops, Aat® accounts for the

effects due to loop contributions of the five lightest
quarks, and the loop contributions due to the top quark
are given by Aagr. The leptonic contribution can be com-
puted in QED with very high precision, while the top-
quark loop contribution is very small. Therefore, the total
uncertainty of Aaey is entirely limited by Aef®). As in
the case of (g—2),, a dispersion relation can be used to
relate experimental hadronic cross-section data with
Aali®,

Of special interest is the knowledge of Acenm for
s = M2, since most of the electroweak precision tests have
been performed at the Z0 peak at LEP. The total correc-
tion to the fine structure constant amounts to [5]
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Adem(M2) = (276.11 £ 1.11)x 1074, (4.6)
and the value of .y, at the Z pole mass is therefore
agh(M3) = 128.947 +0.012. (4.7)

A similar result, a/e‘nll(Mg) =128.946 +0.015, was found in
Ref. [7]. The current uncertainty of Ay, is a severe lim-
itation for the electroweak precision fits in SM (see the
review of the electroweak model and constraints on new
physics in Ref. [24]). Typically, these fits are performed
using three independent input variables, such as @em (M%),
the Fermi constant G, and M. Of these three quantities,
a/em(Mé) is known with least precision. Its relative uncer-
tainty is 1 x 1074, while G, and M are known with uncer-
tainties of 5x 1077 and 2 x 1075, respectively. In the past,
insufficient knowledge of Aa.n, led to imprecise predic-
tions of the Higgs mass. Now that the Higgs mass is
known with high accuracy, any new precision measure-
ment of an electroweak observable (for instance, of the
electroweak mixing angle sin?(@y)) is a significant test
of the electroweak SM. The smaller the uncertainty of
Acem(M3), the more powerful is the test. As discussed in
Sec. 4.2.4, the goal of the new BESIII measurement is to
reduce the uncertainty of the R measurement to 3%,
wh}ilcjzs?llows to improve the accuracy of the prediction of
A,

em
4.2.3 Measurement of the exclusive hadronic channels

via ISR

A major campaign of ISR [25-27] measurements was
launched at BESIII, mainly in order to improve the HVP
contribution to (g -2), and to AaP9® The ISR technique
allows precision measurements of the hadronic cross-sec-
tion at high-luminosity electron-positron colliders by us-
ing events in which either the incoming electron or
positron has emitted a highly energetic photon. In this
way, the available cms energy of the hadronic system
varies depending on the energy of the ISR photon, which
is the reason why the technique is also called Radiative
Return.

From the measurement of the hadronic cross-section
o(e*e” — hadrons +yisr), the non-radiative cross-section
o(ete” — hadrons) can be extracted using the radiator
function from QED theory. This radiator function is
known with a precision of 0.5% in the Monte Carlo (MC)
generator PHOKHARA [28-30], which also simulates the
most relevant exclusive final states in view of the HVP
contribution to (g —2),.

At BESIII, the data set taken at the cms energy of
3.773 GeV is currently used for most of the ISR analyses.
The total integrated luminosity at this energy is 2.9 .
Using this data set, the statistics of ISR hadronic events is
larger than the ISR statistics of BaBar for hadronic
masses above approximately 1.5 GeV. With upcoming
new data, and including the already available data sets,

the available ISR statistics will be similar to the BaBar
statistics also for masses below 1.5 GeV.

Both the tagged and untagged ISR approaches are
currently carried out at BESIII. The tagged approach re-
quires explicit detection of the ISR photon in the calori-
meter, and allows studies of the full hadronic mass range
starting from the di-pion mass threshold. An untagged
measurement corresponds to the usage of ISR events, in
which the ISR photon is emitted at very small polar
angles, essentially collinear with the electron beam. Al-
though tagging of these photons is not feasible, the mo-
mentum information can be extracted from the missing
momentum of the fully reconstructed hadronic system.
For kinematic reasons, the untagged approach is limited
to the energy of hadron production above approximately
1 GeV. Above 1.5 GeV, it provides significantly im-
proved statistics compared to the tagged measurement,
and furthermore, guarantees low background conditions.

The main results of the ISR program at BESIII can be
summarized as follows:

o Time-like pion form factor: e*e™ — n*n~

A new measurement of the hadronic cross-section of
the channel e*e™ — n*n~ was performed in the energy
range between 600 and 900 MeV, which corresponds to
the peak region of the p(770) resonance [31]. In this en-
ergy range, the two-pion channel indeed contributes more
than 50% to a;"*, and the uncertainty of this exclusive
channel is therefore decisive for the SM error of (g —2),.
Thus, this is the flagship analysis of the BESIII ISR pro-
gram. A total systematic uncertainty of 0.9% for the
cross-section measurement has already been achieved.
The two limiting contributions to the total systematic un-
certainty are from the luminosity measurement and the
theoretical radiator function, with 0.5% each. As is dis-
cussed below, with improved calculations of the radiator
function, by including larger data sets, and by an overall
improved understanding of the detector performance, the
errors of these contributions can be reduced from 0.5% to
0.2% each, yielding a reduced total systematic uncer-
tainty. The mass range studied in this analysis is access-
ible via the tagged ISR approach only. The same holds
for the mass range from the di-pion mass threshold to 600
MeV, which will be studied in the future, along with the
mass range above 900 MeV, where the investigations can
be performed in the untagged ISR approach as well.

In this analysis, the experimental detection efficien-
cies, the luminosity, as well as the knowledge of back-
ground channels, need to be determined at the per mil
level. A separation of pion tracks from muon tracks turns
out to be the major challenge of the analysis. As a con-
sequence, a multivariate analysis technique is applied
[32] by training an artificial neural network (ANN) for
particle identification. If muon events are selected rather
than pion events, the efficiency of the technique can be
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tested by comparing the absolute yield of ete™ — u*u~y
events with the PHOKHARA [33] MC prediction. An
agreement between the data and MC simulations at the
level of (0.5+0.3)% was observed, demonstrating the ex-
cellent performance of ANN.

From the cross-section measurement, the time-like pi-
on form factor |F,]| is extracted, as shown in Fig. 4.6. An
agreement between the BESIII data and the three KLOE
analyses [34-36] is found up to the peak of the p reson-
ance. In this mass range, the BESIII data are systematic-
ally lower than the BaBar results [37]. Above the p peak,
the situation is reversed. In this case, the BESIII spec-
trum is in good agreement with BaBar, while the KLOE
results are systematically lower. In Fig. 4.7, we show the
impact of the new BESIII measurement on a}; " It agrees
with all three KLOE analyses in the mass range 600 — 900
MeV, while deviations from the BaBar results are ob-
served.

The good understanding of the radiative muon
sample, which was achieved in this analysis, also led to
two additional publications, which made use of the high
statistics and quality of the muon data. In the first paper
[38], the electronic width of the J/y¥ resonance was de-
termined with world-leading accuracy. In the second pa-
per [39], a competitive dark photon limit was obtained by

r —— T
45— oy

E B — BESIII fit 3

C ¥ : —4— BaBar b
40— / —— KLOE 08 —
= / —4— KLOE 10 3

35— —+4— KLOE 12 -
g —4— BESHI —

sof— ! —

2
IFf
1

s =

wf- =

o o b b b
0.6 0.65 0.7 0.75 0.8 0.85 0.9

Vs' [GeV]

Fig. 4.6. (color online) Pion form factor measurements by
BESIII [31], KLOE [34-36], and BaBar [37]. The black line
is the fit of the BESIII spectrum using the Gounaris-Sakur-
ai parametrization.
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Fig. 4.7. (color online) Two-pion contribution to the hadron-
ic vacuum polarization contribution to a, in the energy
range between 600 and 900 MeV.

looking for an enhancement of events in the di-muon in-
variant mass between 1.5 and 3.4 GeV/c’.

e Cross-section of ete™ — 7t~ 7°

The hadronic channel ete~ — n*n~7°, which is dom-
inated at low energies by the w(782) and ¢(1020) reson-
ances, was measured by the Novosibirsk experiments
CMD-2 [40] and SND [41] below 1.4 GeV. These results
show obvious scatter, although within the claimed accur-
acy, and would benefit from improved measurements.
Above the ¢(1020) resonance, BaBar also performed a
measurement of this channel [42], and observed struc-
tures which are interpreted as two excited w states. This
BaBar result is in conflict with the old DM2 measure-
ment [43].

In contrast to the two-pion analysis discussed above,
both the tagged (in the full mass range) and the untagged
ISR methods (above 1 GeV) were analyzed by BESIIL
Preliminary results of the ISR measurements are already
available. For the final spectrum, the tagged and un-
tagged spectra were averaged, and a systematic uncer-
tainty of better than 3% was achieved in a wide mass
range from the threshold up to the J/¢ resonance. Assum-
ing vector meson dominance in the fit of the mass spec-
trum, the mass and width of the resonances w(1420) and
w(1650) were obtained with unprecedented accuracy. Fur-
thermore, the branching fraction of the J/y decays to
three pions was measured precisely.

e Cross-section of ete™ — 71 %70

In the channel e*e” — n*n~ 7%, some deviations
between the two Novosibirsk experiments CMD-2 [44]
and SND [45] were observed below 1.4 GeV. Even lar-
ger deviations are seen in a comparison of the r spectral
functions, which can be related to the cross-section via an
isospin relation. It has been speculated that large isospin
violating effects might be the reason for this observation.
Above approximately 1 GeV, the BaBar collaboration
published an analysis in which the world data set, in
terms of statistical and systematic precision, is largely ex-
ceeded [46]. It is therefore the goal of the BESIII analys-
is to provide an independent high-accuracy data set, be-
sides BaBar. Furthermore, this channel is extremely inter-
esting from the point of view of spectroscopy. It has a
rich internal structure, where wn®, a;r, p*p~, and many
other intermediate states play a significant role (includ-
ing f5(500) and £,(980)).

Preliminary results for this channel by BESIII use the
tagged and untagged ISR approach. The mass range from
the threshold up to 3.4 GeV was covered and the cross-
section was determined with a systematic uncertainty of
approximately 3%. Besides the cross-section of
ete” -» ntn %0, the cross-section of the intermediate
state e*e” — w(782)7° was measured, and the branching
fraction of the decay J/y — n* 7~ n%2° was extracted.

The existing results for e*e™ — nt7 7" and e*e™ —
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a* 7% were obtained using 2.9fb~! of data at /s = 3.773
GeV. As discussed for the e*e™ — n*7~ analysis, the sys-
tematic uncertainties, which are already at the world-class
level, can be further reduced by combining the already
existing and upcoming data sets.

4.2.4 Inclusive R scan data

Up to the energy of 2.0 GeV, the R value is determ-
ined by the sum of measured exclusive hadronic cross-
sections, either via the energy scan or the ISR technique.
In the case of unmeasured exclusive channels, isospin in-
variance is assumed in this energy range. At larger val-
ues of /s, more exclusive channels open up, so that in-
clusive R measurements are necessary. The energy re-
gion between 2.0 and 4.6 GeV is rich with resonances,
and contains a transition between the smooth continuum
region and the resonances. Figure 4.8 shows a comparis-
on of the BES [47-51] and KEDR data [52, 53], as well
as the perturbative QCD (pQCD) prediction between 2.0
and 3.7 GeV. An agreement, within uncertainties, can be
observed. It should be noted that the most recent KEDR
analysis in the energy interval between 3.08 and 3.72
GeV [54], is not yet included.

Regarding the hadronic vacuum polarization contribu-
tion to (g —2),, theorists deal in different ways with the R
values in the energy region above 1.8 GeV. In Ref. [5],
the dispersive evaluation is used with inclusive R values
measured above 1.937 GeV. In the energy interval from
1.8 to 3.7 GeV, the contribution to the uncertainty of the
muon anomaly a, is found to be 0.56x 107!, which is
roughly a factor of 3 smaller than the expected accuracy
da,(exp) = 16 x 107! of the new direct measurements of
a,. In Ref. [7], the four-loop pQCD is used in the energy
region between 1.8 and 3.7 GeV, resulting in the uncer-
tainty of 0.65x 107!, The open charm region between 3.7
and 5 GeV is governed by broad resonances. Its contribu-
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Fig. 4.8. (color online) The hadronic R(s) ratio in the con-

tinuum region below the DD threshold. Shown are the res-
ults from BES and KEDR as well as their average (shaded
band). The solid line shows the pQCD predictions. Plot
taken from Ref. [7].

tion to a, is computed using the experimental data.
However, the contribution is found to be very small
(0.11x 1071 in Ref. [5] and 0.03x107'% in Ref. [7]). At
even higher energies, either the experimental data (for in-
stance, in the bottomonium region) or pQCD are used for
the evaluation of the hadronic vacuum polarization. The
uncertainties of these contributions are below the level of
0.10x 10710,

The transition region between the sum of exclusive
channels and the inclusive R data is of interest and de-
serves re-examination. Table 4.1 summaries the values of
a,IfVP’LO in the region [1.841, 2.0] GeV using different in-
puts [5]. The results from the inclusive data and pQCD
calculations agree within uncertainties, but disagree with
the exclusive sum. Hence, precise measurements of R
data with the exclusive sum and inclusive methods are
important for choosing the transition point between the
sum of exclusive channels and the inclusive R data, and
for testing the pQCD predictions of the R values in the
transition region. A new scan measurement between 1.8
and 2.0 GeV would be useful to answer these questions.

Table 4.1.  The values of aEVP’LO for /s in the region [1.841, 2.0]
GeV using different inputs. The numbers are taken from Ref. [5].

input ai VPO (x1010)
exclusive sum 6.06+0.17
inclusive data 6.67+0.26
pQCD 6.38+0.11
exclusive(< 1.937 GeV) + inclusive(>1.937 GeV) 6.23+0.13

Compared to (g—2),, the impact of the inclusive R
data on the running of the electromagnetic fine structure
constant is much more pronounced as higher energy
scales are very relevant in the dispersion integral for
Allen, . In fact, in the case of Aaen, the total uncertainty of
1.11x 107 cited in Ref. [5], stems almost entirely from
the energy range between 1.19 and 11.20 GeV, which
amounts to (82.82+1.05) x 10~*. While Ref. [5] follows a
more data-driven approach to calculate Aaen, the evalu-
ation by Davier et al. in Ref. [7] relies on the pQCD cal-
culations of the R value in the energy range between 1.8
and 3.7 GeV. Above 3.7 GeV and up to 5.0 GeV, the ex-
perimental information on R is used. In this energy range,
the experimental uncertainty of 0.67x107%, out of the
total uncertainty of Aaen of 0.9x 1074, is found. This
strongly motivates the need for new data for the inclus-
ive R ratio in the energy range covered by BESIII. The
role of BESIII is twofold. On the one hand, the new data
can prove the validity of pQCD for the description of R,
as required by a theory-based evaluation of Aaer,. On the
other hand, the data can be directly used as input in the
dispersion integral in a data-driven approach.
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In order to improve the knowledge of R, the BESIII
collaboration has recently carried out a series of energy
scans in the range between 2.0 and 4.6 GeV, in 130 en-
ergy points and with the total integrated luminosity of
about 1300 pb~!. The total hadronic event yield exceeds
10° events at each energy, such that the accuracy of the
data is entirely dominated by systematic uncertainties.
The goal of the BESIII experiment is to arrive at a total
accuracy of the hadronic R ratio of 3% or better. A simil-
ar systematic accuracy has already been achieved at
KEDR [52] . The analysis of the data is currently ongo-
ing, and preliminary results show that the dominant un-
certainty is due to the hadronic event generator, which is
also a major challenge for describing 107 hadronic events
at each energy. MC simulation codes based on theoretic-
al descriptions of string fragmentation functions exist, for
example the LUARLW generator [55]. The KEDR col-
laboration used the LUARLW generator, which was also
employed by the BES collaboration. With 10° hadronic
events at each energy, the LUARLW generator was op-
timized and tuned. Also, a precise description of all had-
ronic events in one event generated was proposed. Mak-
ing use of the existing measurements of many exclusive
hadronic final states, the event generator CONEXC [56],
which can deal with the imprecise exclusive parts of the
LUARLW generator, has been considered as an alternat-
ive. Hence, a data-driven approach to the description of
the total hadronic events has been identified.

The energy range between 3.85 and 4.6 GeV is rich
with charmonium and charmonium-like states. Because
the scan data have been collected with a small energy
step, we could extract resonance parameters using the
precisely measured R values. The BES collaboration did a
similar analysis [47-51], but their results have a large un-
certainty and are model dependent. With more studies of
the charmonium and charmonium-like states, the R res-
ults could be further improved.

4.2.5 Measurements of the meson transition form

factors

The main motivation for the proposed program of
precision measurements of meson TFFs at BESIII is to
constrain the HLbL contribution to the level set by the
forthcoming (g—2), experiments at FNAL and J-PARC
of 6a, =1.6x107'°, in order to allow a meaningful inter-
pretation of these new measurements. Depending on the
analysis of the hadronic contributions [7, 57], the present
SM uncertainty is 6a,(SM) = +(49 — 58)x107!1, which sig-
nificantly exceeds the future experimental accuracy. This
motivates an intense activity to reliably estimate the con-
tributions of hadrons to a,,.

The leading diagram in the HLbL contribution is the
pseudoscalar meson exchange, as shown in Fig. 4.9. Un-
like the HVP contribution, the description of the non-per-

Fig. 4.9.
scattering (HLbL) contribution to the anomalous magnetic

The leading term in the hadronic light-by-light

moment of the muon is given by the exchange of light
pseudoscalar mesons, as depicted by the dashed line.

turbative light-by-light matrix element in most of the ex-
isting estimates of the HLbL contribution is based on
hadronic models rather than on the experimental data.
These approximations are based on a requirement of con-
sistency with the asymptotic constraints of QCD, and pre-
dict that the hadronic corrections are dominated by the
long-distance physics, namely by the exchange of the
lightest pseudoscalar states. Unfortunately, a reliable es-
timate based on such models is possible only within cer-
tain kinematic regimes. This results in a large, mostly un-
controlled uncertainty of a,,.

In order to reduce the model dependence, data-driven
approaches for the HLbL contribution to a, have been
proposed. Sum rules and a dispersive formalism can also
provide powerful constraints on the hadronic light-by-
light scattering and its contribution to a,. Measurements
of meson TFFs are used as input in such data-driven ap-
proaches. As is discussed below, essentially all relevant
channels in the space-like and time-like regions can be
studied at BESIII.

TFFs describe the effect of the strong interaction on
the y*y*M vertex, where M = n°, 5,17, 1. .... They are rep-
resented by functions Fy,.,-(¢%,¢3) of the photon virtual-
ities g7 and ¢3. For the case of pseudoscalar mesons, there
is one such function [58, 59]. For scalar, axial-vector, or
tensor mesons, the y*y*M vertex contains in general sev-
eral such TFFs.

The space-like region of TFFs is accessed at e*e™ col-
liders by means of the two-photon fusion reaction
ee” - ete™M (left panel in Fig. 4.10), where the meas-
urement of both virtualities is still an experimental chal-
lenge. The common practice is to extract TFFs by a meth-
od where one of the outgoing leptons is tagged and the
other is assumed to escape detection along the beam axis
(single-tag method). The tagged lepton emits a highly off-
shell photon with a transferred momentum 47 = -Q? and
is detected, while the other, untagged, is scattered at a
small angle with ¢3 ~ 0. TFF extracted from the single-tag
experiment is then Fjp.y (0% 0) = Fary0(0?). The time-
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Flai,d5)

Fig. 4.10.

The meson TFF in the space-like region (left panel) is accessed via the y*y* annihilation process, and in the time-like re-

gion via the ye*e™ Dalitz decay (middle panel), and via e*e™ annihilation into Py (right panel), where P stands for a pseudoscalar

meson.

like region of TFFs can be accessed at meson facilities
via the single Dalitz decay processes M — [*["y, which
contain a single virtual photon with a transferred mo-
mentum in the range 4m; < q7 <mj, (with m; the lepton
mass and my the meson mass), whereas ¢3 =0 (middle
panel in Fig. 4.10). To complete the time-like region,
e*e” colliders provide access to the values ¢*> >m3, via
the e*e™ — My annihilation processes (right panel in Fig.
4.10).

Besides their relation to the anomalous magnetic mo-
ment of the muon, the pseudoscalar meson TFFs provide
a unique window on several symmetry-breaking mechan-
isms in QCD. In the limit of massless light quarks
(u,d, s), i.e. the chiral limit, the QCD Lagrangian exhibits
an SUB)L xSU(3)r chiral symmetry which is spontan-
eously broken to SU(3)y, giving rise to 8 pseudoscalar
Goldstone bosons (7, K,77). The QCD Lagrangian has in
addition two other global symmetries: the U(1)y sym-
metry leading to the conservation of baryon number, and
the U(1)4 symmetry which is anomalous. Since the fla-
vor-singlet axial-vector current is not conserved in the
presence of the U(1), anomaly, the 7 mass does not van-
ish in the chiral limit. In the massless u,d,s quark world
(with the other three quarks infinitely heavy), the massive
7 would be a pure flavor-singlet state 7°= (ui+
dd + s5)/ V3. In the real world, however, the SU(3)y fla-
vor symmetry is explicitly broken by the quark masses,
which causes a mixing among 7°,7, and 7’ [60, 61]. In the
isospin limit (m, = my), n° can be identified as a pure iso-
triplet state (uii —dd)/ V2. In the absence of the U(1)4 an-
omaly (large-N, limit of QCD), the two isosinglet
pseudoscalar mass eigenstates would consist of
(uii +dd)/ V2 and s5 (so-called ideally mixed states). The
U(1)4 anomaly mixes these quark flavor states towards
the physical  and 7 mesons, which are closer to the fla-
vor octet 1’ = (uit+dd—2s5)/ V6 and flavor singlet 7°
states, respectively. The mixing in the n—7' system
probes the strange quark content of the light pseudoscal-
ars, as well as the non-perturbative gluon dynamics of
QCD, responsible for the U(1)4 anomaly. The mixing can
also be related to physical observables [60-64], in particu-
lar via the M — yy decay widths and the y*y*M TFFs.

With the existing data, BESIII has achieved world-
leading results in the field of meson TFFs, as is elabor-
ated in the following. The overall goal of the BESIII pro-
gram is to provide precision measurements of TFFs of
pseudoscalar mesons, of niw, 7p and nn systems, as well
as of axial and tensor mesons at small momentum trans-
fers. A future data set of 20 fb~! at v/s = 3.773 GeV, will
make possible a first measurement of the double-virtual
TFF of the lightest pseudoscalar mesons with high accur-
acy.

o Single-tag pseudoscalar TFFs, space-like

The first BESIII publication of the space-like TFF of
the 7° meson is based on the 2.9 fb ' data sample ob-
tained at the cms energy of 3.773 GeV. Preliminary res-
ults of the analysis are presented in Fig. 4.11. As de-
scribed above for single-tag events, one of the beam
particles (electron or positron) is tagged in the detector.
By detecting two photons from the 7° decay, the missing
momentum can be derived for the missing positron (elec-
tron), which is further required to be scattered at very
small angles. By fitting the yy invariant mass distribu-
tion in bins of Q?, one obtains the differential cross-sec-
tion do/dQ? for the signal process,which is proportional
to [F(QH)P.

Figure 4.11 shows the product Q*|F(Q?)| as measured
by BESIII together with the data from CELLO [65] and
CLEO [66]. Note that the recent BaBar [67] and Belle
[68] data only access the Q? range above 4 GeV’, and
hence, are not displayed. The BESIII analzlsis covers the
entire Q” range between 0.3 and 3.1 GeV’, which signi-
ficantly improves the accuracy of the existing data sets.
The accessible range of momentum transfer is limited by
the detector acceptance of photons from decays of n° for
lowest values of 02, and by the statistics for the largest
values of Q. The existing data taken in the scope of the R
measurement, discussed in Sec. 4.2.4, will be used to ex-
tend the covered region of momentum transfer down to
approximately 0.1 GeV2 A future data set of 20 fb! at
3.773 GeV will help to extend the covered range of mo-
mentum transfer up to approximately 10 GeV?, which will
allow to test the discrepancy of the results of B-factories,
i.e. the so-called BaBar-Belle puzzle.
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Fig. 4.11. (color online) Preliminary BESIII measurement of

the space-like 7° TFF compared with the data from CELLO
[65] and CLEO [66].

The current preliminary results are in very good
agreement with the recent theoretical calculations which
use dispersion relations [69, 70] or LQCD [71]. The data
have also been considered in a recent review of the HL-
bL contribution to a, [72], where it was demonstrated that
they contribute to a significant reduction of the uncertain-
ties.

First feasibility studies of the n and ” TFF measure-
ments have been performed at BESIII. So far, only indi-
vidual decay modes have been considered for reconstruc-
tion of mesons from the data used for pion TFF measure-
ments. The covered range of momentum transfer is simil-
ar to the 7 TFF range, with an accuracy similar to what
was reported in previous measurements [65, 66]. The fi-
nal result will make use of all major decay modes of both
mesons, and will combine the existing and future data
sets to obtain results of highest accuracy and impact.

o Single-tag nrr, nny, nn TFFs, space-like

Besides the lowest-lying pseudoscalar mesons, yy*
processes also allow to access the structure of scalar, axi-
al-vector and tensor mesons via the production of multi-
meson final states. A first measurement by BESIII fo-
cused on the y*y — an*n~ channel, with one virtual
photon. Data at cms energies between 3.773 and 4.6 GeV
were combined to perform studies with an integrated lu-
minosity of 7.5 fb~!. Figure 4.12 shows the full simula-
tion with 1 fb™! at /s =4.23 GeV of the single-tagged
analysis of yy* — n*x~ after event selection in three rel-
evant kinematic variables. The dominant background in
the reaction e*e™ — ete u*u” is rejected by employing
the machine learning techniques, successfully used in the
pion form factor measurements discussed in Sec. 4.2.3.
The irreducible background contribution due to the time-
like amplitude of e*e™ — e*e "™ is subtracted using the

MC derived distributions. The investigation at BESIII
triggered an improvement of the EKHARA 3.0 event
generator [73], which allows to properly take into ac-
count the interference between the signal and back-
ground processes. Thus, a first high-statistics result for
the masses starting from the two-pion mass threshold,
small momentum transfers and with a full coverage of the
helicity angle of the pion system, was obtained by BE-
SIII. While the results in the threshold region are awaited
by the (g —2), theory community [74, 75], such data will
also provide new empirical information about pion polar-
ization.

The analysis of the two-pion system is currently ex-
tended to the neutral pion system, where a complement-
ary result to the recent Belle measurement at large mo-
mentum transfers [76] is expected. Future data will allow
to extend the investigations also to nn and ny systems
with high statistics. Furthermore, even higher multipli-
city final states yy* — 3x,yy* — 4r or yy* — nax can be
performed to provide with high accuracy the relevant in-
formation about the axial and tensor mesons, for ex-
ample f1(1285) and a,(1320), needed as input for the cal-
culations of the HLbL contribution to (g —2),.

e Double-tag 7° TFF, space-like

In the case that both scattered leptons are identified in
the detector, the doubly-virtual TFF can be accessed.
First event sample of this kind was identified in the 2.9
fb ' data set at the cms energy of 3.773 GeV. With im-
proved statistics, the measurement of the doubly-virtual
TFF can be used to compute the pion-pole contribution to
HLDbL in a completely model-independent way. Based on
a MC simulation restricted by the geometric acceptance
of the BESIII detector only, the result is expected to cov-
er the momentum transfers in the range 0.3 < (Q?,03) <
2.2 GeV?. This information is crucial for constraining the
precision of the data-driven calculations of the HLbL
contribution to (g —2), [20]. In addition to the doubly-vir-
tual TFF of 7, the same information for n and 7 mesons
will be measured. The BESIII result will be complement-
ary to the recent measurement of the doubly-virtual »’
TFF by the BaBar collaboration [59], which has been ob-
tained for large momentum transfers only.

e Pseudoscalar TFFs at high Q’-, time-like

The time-like 7° TFF has not been extracted up to
now from the annihilation reaction e*e™ — 7’y for high
momentum transfers. At BESIII, it is possible to access
the time-like 7° TFF in the Q? range of approximately 20
GeV’, which allows a comparison with the space-like
data from BaBar [67] and Belle [68]. In the case of n and
n’, in addition to the comparison to space-like measure-
ments, the data can be compared to a time-like BaBar
measurement at Q% = 112 GeV’ [58]. Comparisons of this
kind allow to test the predictions of pQCD, in which it is
assumed that the space-like and time-like TFFs are
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(color online) Full simulation of the single-tagged analysis of yy* — ntn™ at y/s = 4.23 GeV. Three relevant distribu-

tions of the two-pion system are shown: invariant mass of the pions (top left), momentum transfer Q2 of the tagged lepton (top

right), and helicity angle of the pions cos 6% (bottom).

identical and feature a Q=2 dependence [58].

We stress once again that the BESIII program for
meson TFF measurements is of the highest relevance for
constraining the HLbL contribution to (g—2),.In a re-
cent review [72], the n° pole exchange contribution is
evaluated in a simplistic model, which fulfills the basic
theory constraints, and takes into account the preliminary
data from BESIII. The data allow to reduce the uncer-
tainty of this most relevant contribution to +0.2x 10719,
while the previous model dependent estimates have un-
certainties in the range +(0.9—1.2)x 1071° (see Table 4.2
in Ref. [72]). More elaborate and model independent
evaluations of the 7¥ contribution, as the dispersive calcu-
lations [69, 70], or the lattice calculations [71], which do
not take into account the BESIII data, already achieve un-
certainties at the level of +(0.3-0.4)x 10710, These res-
ults can be cross checked by confronting with the present
and future BESIII data. As mentioned, the goal is to
achieve a total uncertainty of all hadronic contributions to
ay at the level of 1.6x 10710

4.3 Baryon form factors

Baryons provide a unique window to the strong inter-
action, since they constitute the simplest system for
which the non-Abelian nature of QCD is manifest [77].

The best known baryon species is the nucleon. However,
despite the fact that it is known for more than a century
and its importance as the main contributor to the mass of
the visible Universe, its fundamental properties like the
mass, spin [78, 79] and structure [80] are difficult to de-
rive from first principles. This difficulty is a con-
sequence of the non-perturbative interactions between the
quarks inside the nucleon. At this scale, the break-down
of pQCD calls for quantitative predictions from e.g. the
Chiral Perturbation Theory [81, 82], Lattice QCD [83] or
phenomenological models, e.g. the Skyrme models [84,
85].

The inner structure of baryons can be described and
studied experimentally on a common footing via the elec-
tromagnetic form factors (EMFFs), probed by processes
involving hadrons interacting with virtual photons.
EMFFs are fundamental observables of non-perturbative
QCD and quantify the deviation from the point-like case.
If one-photon exchange is assumed, the momentum trans-
fer squared ¢*> of the virtual photon is given by
q* = (pi— pr)*> <0. Elastic, or space-like, form factors
(¢* <0) have been studied since the 1960's in electron-
nucleon scattering [86]. Spin § baryons have two form
factors, often referred to as the electric Gg and the mag-
netic Gy form factors. In the so-called Breit frame, these

040001-44



Chinese Physics C  Vol. 44, No. 4 (2020) 040001

are Fourier transforms of the charge and magnetization
density, respectively. The measured charge density of the
neutron is particularly intriguing. Although it is negative
near the center whilst positive further out, which can be
explained in the simple quark model by d quark cluster-
ing in the center surrounded by the u quark, the drop to
negative values at larger distances from the center re-
quires more elaborate models involving e.g. pion clouds
[80]. One way to gain further insight into this puzzle is to
replace one or several light quarks in the nucleon by
heavier ones, i.e. to form hyperons, and study how the
structure changes [87]. However, since hyperons are un-
stable, they are unfeasible as beams or targets, and there-
fore do not easily lend themselves to electron scattering
experiments. Instead, their structure can be studied in the
time-like region (¢> > 0) via the electron-positron annihil-
ations with subsequent production of baryon-antibaryon
pairs.

The somewhat abstract time-like form factors can be
related to the more intuitive space-like form factors by
the dispersion relations [88]. In particular, space-like and
time-like form factors should converge to the same value
as |¢°| reaches a certain scale [89]. For nucleons, the on-
set of this scale can be tested by measuring the space-like
and time-like form factors with great precision and com-
paring them. For hyperons, this is unfeasible due to the
poor experimental access to the space-like region.
However, one can use the fact that time-like form factors
can be complex, with a relative phase that polarizes the
final state [89]. For a ground state hyperon Y, this phase
is accessible, thanks to the weak, self-analyzing decays.
The daughter baryon B will be emitted according to the
spin of the mother hyperon Y, giving a decay angular dis-
tribution that depends on the polarization of Y-

1
W(cosfp) = Zr(l + ayPy cos0p). (4.8)

Since space-like form factors are real, the same must hold
for time-like form factors for large |¢%|. Hence, the onset
of the scale at which space-like and time-like form factors
converge to the same value, can be obtained by finding
the scale at which the phase goes to zero.

Also, the relative phase must be zero at the threshold.
This is because the phase is a result of interfering amp-
litudes, e.g. s-waves and d-waves. At the threshold, only
s-waves can contribute which means that the phase is
zero. Furthermore, the absence of other waves also im-
plies that the ratio between electric and magnetic form
factors |Gg/Gwm| is equal to 1 at the threshold.

Formalism

43.1

For spin % baryons ;_)roduced via one-photon ex-
change in e*e™ — y* — BB, the Born cross-section can be
parametrized in terms of Gg and Gy:

4Cra’p , 1 2
Tpp(8) = — [lGM(S)l + 5 IGEGI |- (4.9)
Here, @ = 1/137.036 is the fine-structure constant,

B= \J1—4m3c*/s the velocity of the produced baryon, ¢

the speed of light, s the square of the cms energy, mp the
mass of the baryon and 7 = s/ (4m§). The Coulomb factor
C is a correction to the one-photon exchange and de-
scribes the electromagnetic interaction between the out-
going B and B. For neutral baryons, C is 1, which in com-
bination with the vanishing phase space B8 factor, means
that the cross-section should be zero at the threshold. For
charged baryons, C is typically assumed to have the value
of the point-like charged fermions C = &Ry [90], where
£ = maen /B 1s an enhancement factor. In this case, the two
B factors cancel, and as a result the cross-section be-
comes non-zero at the threshold. The so-called Sommer-
feld resummation factor

Rs = A[1-p2/(1 —e ™= V1B (4.10)

causes the cross-section to rise rapidly with the fermion
velocity [91].

In many experiments, the data samples are too small
to separate between Gg and Gy since that requires analys-
is of angular distributions. In order to compare the pro-
duction cross-sections of different baryon-antibaryon
pairs in equivalent kinematic conditions, the effective
form factor is defined:

o pp(s)
1\ (4ra’B

27IGm(s)I* +|GE(s)12

Gl = 2r+1

4.11)

In order to extract the relative phase, a full spin decom-
position of the reaction is needed. The formalism is out-
lined in Refs. [92, 93]. In particular, the A transverse po-
larization Py is given by:

V1 —-1?sinfcosd
n?sinfcos Sin(AD),

Py =
Y 1+ncos?6

(4.12)
where 7 is the angular distribution parameter, related to
the form factor ratio R by = (r — R?)/(r + R?). The polar-
ization Py can be extracted from Eq. (4.8).

The formalism presented so far is based on the as-
sumption that one-photon exchange dominates the pro-
duction mechanism. It has been discussed whether two-
photon exchange contributes to the production mechan-
ism, leading to interference effects that result in an addi-
tional term «cos#sin’ 6 in the angular distribution [94]. As
a consequence, the scattering angle distribution of the
produced baryon will be slightly asymmetric. This is
quantified by the asymmetry

_ N(cosf>0)—N(cost <0)
" N(cos8 > 0)+ N(cosf < 0)

(4.13)
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It is related to the x parameter in the following way:
3«
S 434+p’

where 7 is the same as in Eq. (4.12) [95]. The asymmetry
A is straight-forward to measure and offers a convenient
way to study the two-photon exchange in the time-like re-
gion.

4.3.2 State of the art

Proton EMFFs have been studied extensively in the
space-like region [86]. In particular, the development of
the polarization transfer technique in the late 1990's [96,
97], led to a remarkable leap in the field, enabling a mod-
el independent separation of electric and magnetic form
factors. The best precision of the ratio |Gg/Gy| obtained
with the new technique is 0,|Gg/Gwml| =1.7%, achieved at
JLab [98]. The previously employed Rosenbluth separa-
tion technique [99] relies on one-photon exchange, and
the comparison of the data obtained with the two meth-
ods shows a large and energy dependent difference. The
principal explanation is the effect of the two-photon ex-
change [100, 101].

The time-like region became accessible with the ad-
vent of high-precision, high-intensity electron-positron
colliders at intermediate energies. The world data for
e"e” — pp are shown in Fig. 4.13. The advantage of elec-
tron-positron annihilations is their charge symmetry,
which makes the measurements less sensitive to higher
order processes such as the two-photon exchange.
However, the precision achieved until recently has not
been compatible with the space-like region [102]. The
most precise measurements from BaBar (in ete”™ — pp
[103]) and PS170 (in pp —e*e” [104]) achieved
0,|Ge/Gwml = 10%, and differ by more than 30 (bottom
left panel of Fig. 4.13). Recent data from BESIII ob-
tained with a beam energy scan [105], and the radiative
return or ISR method [106], agree with the BaBar meas-
urements. New data from BESIII, collected in a high-pre-
cision energy scan in 2015, will offer improved precision
over a large ¢° range.

The cross-section and effective form factor show in-
teresting features, as can be seen in the top and bottom
left panels of Fig. 4.13. The BaBar collaboration repor-
ted an oscillating behavior [103, 115] that was recently
confirmed by BESIII [106]. This becomes particularly
striking when studied as a function of the relative mo-
mentum between the outgoing proton and antiproton.
More high-precision data are needed to establish this elu-
sive feature at the level of several standard deviations.

The large amount of high-quality data for proton
EMFFs has inspired the theory community to develop
various approaches to nucleon structure, based on the
Chiral Perturbation Theory [116], Lattice QCD [117,
118], Vector Meson Dominance [119], relativistic Con-

(4.14)

stituent Quark Models [120] and pQCD [121].

In the era of great progress in proton time-like
EMFFs, the corresponding data for its isospin partner, the
neutron, remain a challenge. This is primarily due to the
difficulty in identifying and reconstructing the neutron
and antineutron from the e*e”™ — nii process. The cross-
section has been measured by the SND experiment [122]
up to 2 GeV, and by the FENICE experiment [109]
between 2 and 3 GeV. FENICE collected only a small
amount of data and identified 7 by the time-of-flight
method and the annihilation pattern in the detector. The
ratio R,, = o(e*e” — nin) / o(ete” — pp) is expected to be
close to 1 if the process is dominated by the isoscalar or
isovector amplitude. In a picture where the production
cross-section is proportional to the square of the leading
quark charge (u quark in the case of the proton, and d
quark in the case of the neutron), the ratio should instead
be close to 0.25. More elaborate predictions are presen-
ted in Refs. [123, 124]. More precise data could shed fur-
ther light on this issue.

Hyperon EMFFs have been a fairly unexplored territ-
ory until recently. The cross-section of the e*e™ —
YY process (Y referring to various ground-state hyperons)
has been studied by DM2 [125], BaBar [126], BESIII
[127] and CLEO [128]. The latter measurement com-
pared the production of several different ground-state
hyperons, including Q-, and interpreted the results in
terms of di-quark correlations. The idea that certain con-
figurations of flavor, spin and isospin of the two quarks
inside the hadron have an important impact on its struc-
ture, has been discussed since a long time [129]. In par-
ticular, the effects on A and ¥ structures are outlined in
Ref. [130]. However, it is difficult to draw definite con-
clusions from CLEO, since all data points coincided with
charmonium resonances ¥(3686), ¥(3770) and y(4170).
Hence, interference effects may be important, which
makes an unambiguous interpretation difficult.

Due to limited sample sizes, the electric and magnet-
ic form factors could not be separated with any conclus-
ive precision in neither of the aforementioned experi-
ments. However, in a more recent measurement from BE-
SIII, dedicated data at g = 2.396 GeV/c enabled a com-
plete spin decomposition of the ete™ — AA reaction, in-
cluding measurement of the polarization and spin correla-
tions. As a result, it was possible not only to separate the
A electric and magnetic form factors, but also to determ-
ine for the first time the relative phase between |Gg| and
|Gm|. It was found to be significantly different from zero
[131]. The prospect of measuring the relative phase A®
of the A hyperon by BESIII triggered the first theory pre-
dictions based on various AA potential models [132]. It
was found that the phase is more sensitive to the poten-
tial than the |Gg/Gw| ratio, which in turn is more sensit-
ive than the cross-section. The theory predictions, as well
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(color online) Top left: world data for the e*e™ — pp cross-section. Top right: the effective proton time-like form factor.
|Gg/Gwm|. Bottom right: the effective form factor after subtracting the fitted line in the top right pan-

el. The data are from BESIII [105, 106], BaBar [103], CMD3 [107], BES [108], FENICE [109], E760 [110], E835 [111, 112] PS170

[104] and DM2 [113, 114].

as the measured values, are shown in Fig. 4.14. Note that
the theory predictions were made assuming the old PDG
value (from before 2019) of the A decay asymmetry para-
meter, ap = 0.642. The data are therefore rescaled to the
old value. In Ref. [131], the phase is obtained with the
2019 update of @ from PDG, ay = 0.750.

EMFFs of A} have been obtained from the measure-
ments by Belle [133] and BESIII [134]. Furthermore, BE-
SIII also measured the ratio R between the A} electric
and magnetic form factors. In this measurement, as well
as in the measurements of proton and A hyperon EMFFs
near the threshold, interesting features can be observed:
the cross-section undergoes a sharp rise close to the
threshold, followed by a plateau in the case of positively
charged proton [103, 107, 135] and A} [134], as shown in
Fig. 4.15. Various FSI models have been employed to ex-
plain this behavior [116]. In the case of A}, where there is
a discrepancy between the data from Belle and BESIII,
the cross-section has been studied with a model which
takes into account the Y(4630) resonance [139]. The
threshold of the neutral A is particularly interesting. The

cross-section of e*e™ — AA decreases after the sharp rise
[127], which is similar to the behavior of efe™ — ni
[122]. It is difficult to explain with Eq. (4.9), since A is
neutral, which means that C = 1, and hence the B8 factor
should lead to a vanishing cross-section at the threshold.
The non-zero cross-section near the threshold, as well as
the wide plateau, have led to various interpretations, e.g.
the final-state interactions [140], bound states or meson-
like resonances [141, 142], and a gluon exchange contri-
bution in the resummation factor [143, 144].

4.3.3 Prospects with BESIII

BESIII is uniquely suited for nucleon and strange
hyperon form factor studies. It is currently the only run-
ning or planned e*e~ experiment that is optimized for the
energy region where nucleon-antinucleon and strange
hyperons are produced in abundance. The capability of
detecting and identifying charged and neutral particles,
including the antineutron, is another advantage. Further-
more, the coming upgrade of the BEPCII collider up to
the cms energy of 4.9 GeV will enable structure studies
of single-charm hyperons. The following topics can be
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addressed by BESIII in the near future:

e EMFF phase measurements of octet hyperons

Comparative studies of baryons with different isospin
reveal the inner structure in terms of possible di-quark
correlations [145]. For example, while the quark content
of A and 30 is the same, the isospin of the ud pair is dif-
ferent. As a consequence, the spin structure should be dif-
ferent. In the case of T+, the isospin of the uu pair should
be the same as of the ud pair in A. As a consequence, the
cross-sections of ete™ — AA and ete™ — Z*Z~ should be
similar, as observed by CLEO. However, measurements
should be performed at energies that do not coincide with
charmonium resonances in order to avoid interference ef-
fects. Furthermore, spin observables should be more sens-
itive to the underlying quark structure. Hence, it would be
important to study the EMFF phase for different octet
hyperons. For the ¥ triplet, simulation studies showed
that ¢ =2.5 GeV/c is optimal in terms of the cross-sec-
tion and reconstruction efficiency, and that 100 pb71
would yield a sufficient number of events to extract the
phase of £+ and 0. For the cascade doublet (=~ and =0),
the corresponding optimal point is g = 2.8 GeV/c.

e Energy dependence of the EMFF phase of the A
hyperon

Preliminary calculations of the energy dependence of
the A EMFF phase have been performed [146] in an at-
tempt to predict the space-like EMFFs. However, the cal-
culations call for measurements at additional energies in
order to constrain the predictions. At present, the only
conclusive measurement was obtained at ¢=2.396
GeV/c. The analysis of these data, as well as simulations
at other energies, show that data samples of ~100 pb_1 are
required to achieve the necessary sample size. At low en-
ergies, collecting such data samples is time consuming
and the energy points should therefore be chosen very
carefully. The data samples at 2.5 GeV and 2.8 GeV, pro-
posed in the previous bullet point, coincide well with the
relevant criteria, since the cross-section for these ener-
gies [126] should be sufficiently large.

e Neutron EMFFs

The analysis of the energy scan data from BESIII col-
lected in 2015, shows that the methods for identifying
neutron-antineutron final states have relatively low effi-
ciency. In order to determine EMFFs with good preci-
sion, yet larger data samples are required. This is in line
with the proposal in the previous point. In combination
with the data collected in 2015 that are currently being
analyzed, this will give a comprehensive picture of the
neutron structure in the time-like region and enable com-
parative studies of proton and neutron EMFFs.

e Energy dependence of A7 EMFFs

With the upgraded BEPCII ring, it will be possible to
perform a precision scan from the A A threshold up to
qg=4.9 GeV/c. The observed discrepancy between Belle

and BESIII can be investigated and the possible import-
ance of the Y(4630) resonance can be reviewed. Further-
more, it will be possible to study the EMFF ratio and
phase, as outlined in the Charm chapter.

e Threshold behavior of octet baryons

In addition to the samples collected during 2015 at the
baryon-antibaryon thresholds which are currently being
analyzed, additional samples are needed just below and
slightly above each threshold. In this way, possible sys-
tematic effects can be detected and taken into account,
and the observed behavior can be cross-checked. By com-
paring baryons of different charge, deeper insight can be
gained, and a relation to possible resonances or interac-
tions at the quark level can be established. In particular, a
scan around the $+5- threshold with about 20pb~" per en-
ergy point would be very important.

e Contribution of the two-photon exchange

A contribution of the two-photon exchange would
show as an asymmetry in the scattering angle distribution.
This asymmetry has been measured in Ref. [131] and was
found to be consistent with zero, although with a large
uncertainty. Other baryon channels, for example pp,
where sample sizes are larger for a given integrated lu-
minosity, can reach a precision where possible effects of
the two-photon exchange can be revealed. This is particu-
larly true if more data can be collected at a few off-reson-
ance energies.

e Baryon form factor by the ISR method

The large amount of data that is to be collected at en-
ergies above 3.7 GeV enables studies of baryon EMFFs
using the ISR method. This possibility is particularly im-
portant close to the threshold. Special event selection
techniques are required for the analysis of the energy scan
data due to the low momenta of the outgoing particles.
Due to the boost of the ISR photon, the respective bary-
ons have larger momenta in the laboratory frame and can
be detected casier. In addition, it is currently technically
challenging to collect energy scan data in the threshold
region due to the design of the accelerator. However,
away from the threshold, the statistical precision is gener-
ally better when using the energy scan method, as can be
seen from a comparison of the proton EMFF studies us-
ing the ISR method [106] and the energy scan method
[147]. Measurements of the form factor ratio and relative
phase benefit from the data collected at well-defined en-
ergies with the scan method. The uncertainty in energy
that is inevitable with the ISR method, propagates to the
uncertainty in the ratio and phase.

4.4 Fragmentation function

The fragmentation function Dg(z) describes the prob-
ability of a hadron % to be found in the debris of a quark
(or antiquark), carrying the fraction z of the quark energy.
DZ(Z) is an inherently non-perturbative object governing
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hadronization. It cannot be deduced from first principles,
but can be extracted from the experimental data [148,
149]. Fragmentation functions are assumed to be univer-
sal, i.e. they are not process dependent.

A large amount of data on inclusive hadron produc-
tion from e*e™ collisions has been collected in a wide en-
ergy range 10 < /s <200 GeV and 0.005 <z<0.8 [150].
These data sets, semi-inclusive deep-inelastic scattering
(DIS) data and data sets from hadronic collisions were
used to extract the fragmentation function by DSS [151],
HKNS [152] and AKKOS8 [153]. However, the number of
experimental data points is small, and the uncertainty of
experimental data is large in the GeV energy region. Fig-
ure 4.16 compares the Kaon fragmentation function ob-
tained by different fragmentation function packages; the
favored DX*(z,0%) changes very rapidly between z = 0.2
and z= 0.3 [154].

A precise determination of fragmentation functions
could help to understand the internal structure of the nuc-
leon, and resolve, for example, the strange quark polariz-
ation puzzle, i.e. the polarization of the strange quark
which is positive in the measured region of Bjorken xob-
tained by semi-inclusive DIS analyses, but where inclus-
ive DIS gives significant negative values of this quantity.
It is pointed out in Ref. [155] that the polarization of the
strange quark extracted from semi-inclusive DIS ana-
lyses is very sensitive to the input fragmentation func-
tions. The semi-inclusive DIS process will be used to
study the proton spin at the upgraded JLab-12 [156] and

0,20 T T T T T T T T

the future Electron-Ion Collider [157]. Thus, a better
knowledge of fragmentation functions is needed.

DIS experiments have performed detailed studies of
the transverse momentum dependence (TMD) by semi-
inclusive processes. They describe the cross-sections in
terms of the TMD parton density functions (PDF) and
fragmentation functions. The TMD fragmentation func-
tion D}\(z, P}, Q%) describes a fragmentation process of an
unpolarized parton ¢ into an unpolarized hadron s, which
carries the longitudinal momentum fraction z and trans-
verse momentum P, in the process. In order to under-
stand TMD PDFs, knowledge of the TMD fragmentation
functions is needed. Unfortunately, the determination of
unpolarized TMD fragmentation functions is still miss-
ing [158]. With the data from the B factories and BESIII,
the required TMD fragmentation functions could be ex-
tracted.

The Collins fragmentation function describes the
spin-dependent effects in fragmentation processes [159].
It connects the transverse quark spin with a measurable
azimuthal asymmetry (the so-called Collins effect) in the
distribution of hadronic fragments along the initial quark
momentum. This azimuthal asymmetry has been repor-
ted in semi-inclusive DIS and e*e™ annihilation [158],
where the Collins effect is studied in the e*e™ annihila-
tion by detecting simultaneously two hadrons, coming
from the fragmentation of a quark and antiquark, in the
process e"e” — hihy +X. In this case, the observable is
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from Ref. [154].
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(color online) Comparison between NLO LSS, DSS and HKNS Kaon fragmentation functions for Q2 =4 GeV’, taken
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associated with two Collins fragmentation functions.

The e*e™ Collins asymmetries obtained by Belle and
BaBar correspond to higher Q?(~ 100 GeV?) than the typ-
ical energy scale of existing DIS data (mostly
2-20 GeV?), which is similar to the scale at BESIIL
Therefore, the very low cms energies at BESIII allow to
investigate the energy scaling. The results are crucial for
exploring the Q? evolution of the Collins fragmentation
function and of the uncertainty of the extracted trans-
versity, thus improving our understanding of both the
Collins fragmentation function and transversity [160].

The Collins asymmetries for pion pairs have been ob-
tained by BESIII using the data collected at /s =3.65
GeV with an integrated luminosity of 62 pb'1 [161]. Fig-
ure 4.17 compares the Collins effect measured by BESIII,
BaBar and Belle. The measured asymmetries are almost
consistent with zero for low (z;,z;), and rise with increas-
ing z. The BESIII asymmetry in the last interval is about
two-three times larger than measured at the B factories.
Additional results are needed to confirm this observation
with about 250 pbf1 data at 3.65 GeV. The Collins effect
for strange quarks could be studied in e*e™ — 7K + X and
ee” —» KK+ X. It is also interesting to study the Collins

effect in ete™ > a%7°+X, efe” > yp+X and ete” —
7'+ X for neutral hadrons. These results are useful for
extracting TMD PDFs.

4.5 1 physics at BESIII

Since the discovery of the 7 lepton in 1975 at the
SPEAR e*e™ storage ring [162], the 7 lepton has been
measured extensively. The properties of the 7 lepton, in-
cluding its mass, lifetime and decays, have been tested
thoroughly [1]. As a member of the third fermion genera-
tion, it decays to the first and second generation fermions.
The pure leptonic or semileptonic character of 7 decays
provides a clean laboratory to test the structure of the
weak currents and the universality of their coupling to
gauge bosons. Moreover, as 7 is the only lepton massive
enough to decay into hadrons, the semileptonic decays
are an ideal tool for studying strong interactions.

BEPCII is a 7-charm factory with the cms energy ran-
ging from 2.0 to 4.9 GeV, and the design peak luminos-
ity of 103 cm s ' at the cms energy of 3.773 GeV. The
great advantage of BEPCII lies in running near the
threshold of 7 pair production, which provides an excel-
lent opportunity for r lepton physics. Compared with oth-
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Fig. 4.17.
is can be found in Ref. [161].

(color online) Comparison of the measurements of the Collins effect by BESIII, BaBar and Belle. The definition of the ax-
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er machines, the threshold region makes possible a much
better control of the background and of the systematic un-
certainties of measurements.

There are three energy regions which are important
for experimental studies. The first is below the 7 pair pro-
duction threshold, around 3.50 GeV, where the light
quark background can be measured and the results can be
extrapolated to other energy regions. The second is at the
production threshold, 3.55 GeV, where the t lepton pair
is produced at rest. It is a unique energy to study 7 de-
cays. The third region is above the 7 pair production
threshold, which can be further classified into two subre-
gions: (a) below the production of open charm, around
3.69 GeV, where the background is the same as in the re-
gion below the threshold; and (b) at 4.25 GeV, where the
cross-section of the 7 pair production is maximum, while
the charm background is an addition to the light quark
background.

Figure 4.18 shows the production cross-section and
the R ratio for 7 pairs in the energy region of BEPCII.
The luminosity at the 7 lepton threshold is about
0.3x 1033 cm ’s . Therefore several hundred thousand *
lepton pairs can be produced in a year of running (about
six months). In the past years, BESIII had taken about
one month of data near the 7 lepton pair production
threshold, i.e. about 150 pbfl have been collected. Com-
pared with the experiments at higher energies, such as the
B factories and the LHC, BESIII is at a disadvantage in
terms of statistics. An immense amount of data have been
obtained by high energy experiments, and many measure-

ments were performed very precisely. The energy of
BEPCII is low, the produced  leptons are almost station-
ary, and the equipment does not allow to measure the life
time of the 7 lepton accurately.

The advantage of BEPCII are the experimental condi-
tions: the machine runs near the threshold of = pair pro-
duction, the background is simple and the systematic un-
certainties can be controlled easily. The beam energy
spread of BEPCII is small, about 1-2 MeV. Moreover, the
beam energy measurement system (BEMS) was built
such that the energy and energy spread can be controlled
accurately. Therefore, BESIII has a unique advantage for
performing t mass measurements.

4.5.1 Measurement of the T mass

7 is one of the three charged elementary leptons in
Nature, and its mass is an important parameter of the
Standard Model. The improvement of accuracy of 7 mass
(m;) is needed in its own right. Listed below are the
measured masses of the three leptons according to
PDG2012 [163]:

m, =0.510998910+0.000000013MeV (5m, /m,~2.554x10~%) ,
m,, =105.658367+0.000004MeV (5m,, /m,~ 3.786x 107%) ,

my =1776.82+0.16MeV (5my /m.~ 9.568 X 107) .
(4.15)
It can be seen that the accuracy of m, is almost four
orders of magnitude worse than that of the other two
leptons. The accuracy of the electron and muon masses is
already at the level of 1078,
A well-known motivation for obtaining an accurate
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Fig. 4.18.

Top: The production cross-section for 7 pairs. Bottom: The R ratio, showing the expected background from quark produc-

tion (from PDG). The cross-section and R values are shown as function of the cms energy in GeV on identical scales.
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value of m, is the test of lepton universality. Lepton uni-
versality, a basic ingredient of the Standard Model, re-
quires that the charged-current gauge coupling strengths
8e> 8u» &r are identical: g, = g, = g.. Comparing the elec-
tronic branching fractions of t and g, the lepton univer-
sality can be tested as:

B(t — evv)

(i_;) - :ﬂ (m) B(u—

where Fy and F, are the weak and electromagnetic radi-
ative corrections [164]. Note that (g./ g,,)2 depends on m,
to the fifth power.

Furthermore, the precision of m, also restricts the fi-
nal sensitivity of m,. The most sensitive bound on the
mass of v; is derived from the analysis of the invariant
mass spectrum of semi- hadronlc T decays. At present, the
best limit of m, < 18.2 MeV/c’ (95% confidence level) is
based on the kinematics of 2939 (52) events of
T > 2 v, (7 = 37 2n%(n7)v,) [165]. This method
depends on the determination of the kinematic end point
of the mass spectrum, thus, high precision of m;, is needed.

Another test also depends only on the accuracy of m;.

(1+FW)(1+Fy) (4.16)

An interesting formula relating the three lepton masses
was discovered in 1981 [166]:

2
Me + My + My = 5(\/%+ i + )

According to the error propagation formula (f,, indicates
the difference between the right and left sides of Eq.
(4.17))

4.17)

6fm =

D mk——(z \/_)} (6mk)2%%5mr,

k=e.u,T i=eu,T
(4.18)

the test of Eq. (4.17) depends almost merely on the accur-
acy of m;.

The measurement of the  mass has a history of more
than forty years. In the first experimental paper on the 7
lepton [162], m; is estlmated to have a value in the range
from 1.6 to 2.0 GeV/c’. Since then, many measurements
of m; have been performed [167-182], whose results are
displayed in Fig. 4.19.

The results of m, measurements in the 21" century are
summarized in Table 4.2, where two results were ob-
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(color online) m; measured in the 20" and 21" century. In (a), the red line indicates the average value of m, in PDG2000

[183], m = 1777. 03%930 MeV/c’. For comparison, the measured value by BES in 1996 is plotted in (b) as a blank blue circle. The

-0.26

average value of m; in PDG2015 [184], m, = 1776.86 +0.12 MeV/c’, is indicated by the red line in (b). It should be noted that
since PDG1996 [185, 186], the results of experiments performed before 1990 were removed, except for the result of DELCO.

Table 4.2. Measurement results of m; in the 21 century.

measured mr/(MeV/cz) year Exp. group data sample method
1776.91£0.1219 2014 BESIII [185] 23.26pb ' threshold-scan
1776.68+0.12+0.41 2009 BaBar [184] 23! pseudo-mass
177681033 +0.15 2007 KEDR [183] 6.7pb " threshold-scan
1776.61£0.13+0.35 2007 Belle [182] 414 ' pseudo-mass
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tained using the method of pseudo-mass, while the other
experiments used the method of threshold scan. For the
pseudo-mass method, huge amount of data acquired at the
B-factories was used [179]. Good statistical accuracy was
achieved, but large systematic uncertainties exist, which
is mainly due to the absolute calibration of the particle
momentum. In the threshold scan method, the value of m.
was extracted from the dependence of the production
cross-section on the beam energy. In the KEDR experi-
ment [180], both the resonant depolarization technique
and the Compton backscattering technique [187] were
used to determine the beam energy. These techniques
greatly reduce the uncertainty of the beam energy.

Although the accuracy of the results of the two meth-
ods are comparable, it is obvious that the pseudo-mass
method is dominated by systematic errors. Additional
data taking will not improve this result. For the threshold
scan method, however, there still seems to be room for
improvement of both the statistical and systematic errors.
Therefore, the BESIII collaboration adopted the threshold
scan method to measure m.. In this approach it is of ut-
most importance to determine precisely the beam energy
and the beam energy spread. For this purpose, starting
from 2007, a high accuracy BEMS, located at the north
crossing point (NCP) of BEPCII, was designed, construc-
ted, and finally commissioned at the end of 2010 [188-
192]. Two days were spent to perform a scan of the
¥(3686) resonance. The difference between the PDG
value of the mass in 2010 and the measured mass using
BEMS is 1 +36 keV, which indicates that the relative ac-
curacy of BEMS is at the level of 2x 107 [191].

Prior to conducting the experiment, a study was car-
ried out using MC simulation and sampling to find the
scheme that provides the highest precision of m, for a
specified period of data taking, or equivalently for a giv-

Table 4.3.

en integrated luminosity. The main conclusions of the op-
timization study can be summarized as follows [193-197]:

1. For N free parameters, N scan points are sufficient;

2. The optimal position can be obtained by a single
parameter scan;

3. Luminosity allocation can be determined analytic-
ally or by simulation;

4. The uncertainty of m, is proportional to the inverse
square root of the luminosity.

On the basis of these conclusions, the optimal scan
strategy was designed as follows: first, a scan of the J/y
resonance (scan points 1-7) is performed, followed by a
scan in the vicinity of the t pair threshold (scan points 8-
12), with finally a scan of the ¥(3686) resonance (scan
points 13-19). A repeated measurement is then made (in 7
region, the data are taken only at scan points 9 and 10).
The two-round process was designed to understand the
stability of the accelerator and of the detector. The key is-
sue was to acquire 100 pbfl of data in the 7 region to
guarantee an uncertainty of m, of less than 0.1 MeV/c’.
The scan plan and the offline results are summarized in
Table 4.3.

Based on these preparations, the BESIII collabora-
tion performed the fine r mass scan experiment from
April 14th to May 3rd, 2018. The actual data taking time
was around 11.2 days (269 hours). The J/y and y(3686)
resonances were scanned at seven and nine energy points,
respectively, and the data were collected at five scan
points near the 7 pair production threshold with cms ener-
gies 3538.9, 3552.8, 3553.9, 3560.3, and 3599.5 MeV.
The first 7 scan point is below the mass of the 7 pair
[163], while the other three are above'.

Using these data samples, the goal of the fine scan is
to obtain the 7 lepton mass with high precision, at the
level of 0.1 MeV, which includes statistical errors and

The scan plan and offline results. Superscript “plan” indicates the planned value for the scan; “exp” indicates the measured value of the

scan; “online” denotes the value from the online record. Epeam and L are the beam energy and the integrated luminosity. (f: the planned values are lis-

ted in the last two columns; #: the measured values are slightly different from the expected due to the fluctuation of the accelerator.

energy region order EP Moy LPlan ™! E™ /MeV Lontine/ph ! Egir:n/ MeV
beam beam order I ¥(3686)
JIy 1-7 T - oo 32.6 1/13 1544.0 1838.0
T 8 1771.0 14 1769.74 25.5 2/14 1547.8 1841.9
9 1776.6 14+25 1776.43 42.6 3/15 1548.2 1842.5
10 1777.0 14+12 1776.96 27.1 4/16 1548.6 1843.1
11 1780.4 7 1780.18 8.3 5/17 1549.0 1843.8
12 1792.0 14 1800.27 28.8 6/18 1549.4 1844.5
¥ (3686) 13-19 T - o 67.2 7/19 1552.0 1847.0

1) The original two-round process was designed mainly to understand the stability of accelerator and detector. During the period of 72+ scan, the status of accelerat-
or and detector was fairly good, so two-round process degenerated into no-circle process.
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systematical uncertainties. It is an unprecedented accur-
acy, and as indicated in Ref. [198], this is a challenging
task that needs considerable effort, energy, and great pa-
tience.

The statistical uncertainty of the m, measurement is
roughly equal to the systematical errors. Only when a bet-
ter way is found to reduce the systematical errors, will
BESIII collect more data in order to improve further the
precision of m,.

4.5.2 Some t-physics topics at BESIII

As mentioned above, 7 is the only lepton heavy
enough to decay into hadrons. At present, its partial de-
cay width involving hadrons in the final state is about
65%. The hadronic 7 decays turn out to be a beautiful
laboratory for studying the non-perturbative regime of
QCD, and are useful to understand the hadronization of
QCD currents, to study the form factors and to extract
resonance parameters.

Rare decays of 7 leptons are a very promising area be-
cause their interaction is suppressed and the sensitivity to
new physics might be enhanced. In SM, the suppression
of rare T decays might be due to several reasons: i) Cab-
bibo suppression: strange hadronic final states are sup-
pressed with respect to non-strange states since the |V,
element of the CKM matrix enters the description of J©¢
instead of |V,,4|; i1) phase space suppression: because of
the larger masses of Kaon and  mesons in the final state,
the phase space should always be suppressed; iii) second
class currents: in hadronic t decays, the first class cur-
rents have JPC=0",0 ,1 or1 , and are expected to
dominate. The second class currents, which have JF¢ =
07,0, 1 orl , are associated with a matrix element
proportional to the mass difference between up and down
quarks. They vanish in the limit of perfect isospin sym-
metry, but are not prohibited in SM, which indicates that
the branching fractions of such 7 decays are of the order
of 107,

The 7 lepton provides a clean way to search for
second class currents via the decay mode 7~ —
7 nv:. The n~n final state must have either J?€ =0 or
JP€ =1 ", both of which can only be produced via second
class currents.

The CLEO collaboration analyzed 3.5 fb ' of data
taken at v/s = 10.6 GeV, and produced the most stringent
limit on 7~ — 77 v, decays, B(r~ — 7 nv;) < 1.4x107* at
the 95% confidence level [199]. The BaBar collaboration
analyzed 470 fb ' of data taken at /s = 10.6 GeV, studied
the decay 7 —anv, and set the upper limit
Bt~ — 1 nvy) <0.99x10 " at the 95% confidence level
[200].

The study of the second class currents is both prom-
ising and challenging. On the one hand, the energy re-
gion of BEPCII is near the 7 pair production threshold
and the background is relatively simple. On the other

hand, since BEPCII luminosity is relatively low, even if
the 7 data are taken at the maximum cross-section at 4.25
GeV, BESIII would need to run for ten years to achieve
the required precision of 1074,

The decay of the 7 lepton into three pseudoscalar
particles can provide information about the hadronic form
factors, the Wess-Zumino anomaly, and can also be used
for studies of CP violation in the leptonic sector. A study
of decays into final states containing three Kaons can
provide a direct determination of the strange quark mass
and the Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ment |V,

The BaBar collaboration [201] studied the decay
mode 7~ — K- K"K v, and obtained the branching frac-
tion B(r~ — K K*K™v;) = (1.58+0.13+£0.12)x 10~ by
analyzing 342 o' of data at a cms energy near 10.58
GeV using the BaBar detector at the SLAC PEP-II asym-
metric-energy e*e” storage ring. The Belle collaboration
[202] also measured the branching fraction of this chan-
nel and obtained (3.29+0.17+0.20)x 1075, based on a
sample of 666 fb ' of data collected with the Belle detect-
or at the KEKB asymmetric-energy e*e™ collider at 10.58
GeV. The difference between the two measurements is
larger than 3 standard deviations.

BESIII could perform this measurement if enough
data are collected.

4.5.3 Measurement of the
Y(3686)—>1ir”

¥ (3686) provides a unique opportunity to compare the
three lepton generations by studying the leptonic decays
W(3686) — ete”, u"u~, and v77~. The sequential lepton
hypothesis leads to a relationship between the branching
fractions of these decays, B¢, By, and B given by

Be*e’ _ Be*e’ _ Be*e’

ve(3=3v0)  wu(G -3 ve(G—3vD)
with vy = [1 = (@4m] [M} 366 )1'%, | = e,u1, 7. Substituting the
masses of the leptons and i (3686) yields
_ BT*T’
- 0.3885
BES preformed such a study based on 3.96 million
W(3686) events at /s =3686.36 MeV [182]. With the
BESIII data sample, a more detailed study can be
expected.

In 2018, BESIII performed a fine y(3686) scan at 10
points with 67 pb71 of data. With this large sample, rather
than using Eq. (4.19), it is possible to measure each
branching fraction separately and to test the relations
between them. Furthermore, with a number of scan
points, the interference between the continuum and the
resonance can be measured directly, as can the phase
angle between them. This will be a very technical and in-
teresting work related to the 7 lepton.

branching fraction of

(4.19)

Be%ﬁ = B,u*/.l’ = Bl*l’~ (420)
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4.5.4 Mass measurement for some hadrons

The mass of 7 lepton can be determined precisely by
means of BEMS. However, not all hadron masses can be
determined using BEMS. The details of BEMS can be
found in Refs. [193, 203]. Generally speaking, the al-
lowed region of beam energies for BEMS should not ex-
ceed 2 GeV. On the one hand, with a high purity ger-
manium detector, the upper limit of the Compton backs-
cattered photons is 10 MeV; on the other hand, there are
no suitable radiation sources to calibrate the detector for
such high energy backscattered photons. Moreover, the
detection efficiency of high Compton backscattered
photons is relatively low. Hence, it is better to measure
the masses of hadrons, such as D}, Dy, Dy, A, X, using
the invariant mass method, if we have enough data.

4.5.5 Discussion

The measurements involving 7 leptons can be di-
vided into three categories: the mass of 7, the life time of
7 and the measurements related to the branching frac-
tions of T decay. Except for the v mass measurement, BE-
SIII lacks competitive power for the other measurements
due to the limitation of data samples.

4.6 Relative phase in vector charmonium decays

For many years, there has been evidence of an unex-
pected phenomenon in the decay of narrow charmonium
resonances. A relative phase of |A®|=90° between the
strong and EM decay amplitudes of J/¢ was observed
[204]. In case of v (3686), the available evidence is less
compelling. However, ¢ (3686) scan data have been col-
lected at BESIII and are being analyzed, e.g.
ete” > utp  ,KK,nntn~ and baryon pairs. Concerning
¥(3770), the phase difference was measured in a few
cases and A® = —90° was established [205, 206].

Taking into account the aforementioned values, this
phase difference implies I'p = I'em + Isrong, Where I'p is
the total width of the vector charmonium P. This relation
might suggest an unconventional hypothesis that J/y is a
combination of two resonances, one decaying only via the
EM processes and the other decaying strongly (see [204]
and references therein).

Currently available data are barely sufficient to de-
termine the absolute value of A® for J/¢ in a limited
number of decay modes. The process na*nx~ is observed
with low statistics in the J/y line shape scan with 16 en-
ergy points and a total integrated luminosity of about 100
pb , where the fit procedure introduces a systematic un-
certainty of 11% [204]. With ten times more data, we
could obtain a more precise measurement of A®. In a few
of those cases it might also be possible to determine the
sign of the relative phase of EM and strong amplitudes.
However, in J/y decays into baryon pairs, the “magnetic”
and “electronic” amplitudes might have different phases.

An intriguing situation has been found in J/y — 7n.

Due to the G parity violation, a purely strong amplitude
should be suppressed. However, the EM amplitude is not
sufficient to explain the partial with of J/y — 7. As a
remedy, an amplitude was suggested with two gluons and
one virtual photon as an intermediate state [207]. In or-
der to test this hypothesis, it is most interesting to determ-
ine the relative phase between the strong and EM decay
amplitudes in the J/¢ — nn decay. The currently avail-
able data at BESIII, however, do not allow such investig-
ations.

In conclusion, much more data are needed to settle
the issue of the phase difference between the strong and
EM decay amplitudes of vector charmonium states. If the
aforementioned double nature of charmonium is con-
firmed, an important ingredient is missing in the under-
standing of the Zweig rule (see Ref. [208] and references
therein).

4.7 Study of $(2170) with the energy scan method

Quarkonia provide a unique platform to study QCD.
Substantial progress has been made over the recent years
in the investigation of charmonia (c¢) and bottomonia
(bb). A plethora of interesting new hadronic states was
found. New types of hadronic matter, such as hybrids,
multiquark states, and hadronic molecules with (hidden)
charm and bottom quarks are considered in the interpreta-
tions [209-211].

The multitude of results from heavier quarkonia leads
to the obvious question whether similar states should ex-
ists in the strange sector. However, experimental evid-
ence for a rich spectrum of strangeonium (s5) or new
types of hadronic matter with strange quarks is scarce.
Figure 4.20 shows the predicted strangeonium states
[212] with identified 55 resonances [24]. Only 10 prob-
able 55 resonances out of the 22 expected below 2.2 GeV
have been established. A candidate for an exotic type of
hadronic matter containing strange quarks is ¢(2170). At
BESIII, ¢(2170) can be studied as an intermediate state in
charmonium decays, exploiting the unique statistics of
the J/y data set, and by performing a dedicated energy
scan around the mass of ¢(2170). Both methods provide
unique opportunities in terms of precision and accuracy,
which are necessary to understand the nature of ¢(2170).

#(2170), previously referred to as Y(2175), has been
observed in e*e™ — ¢£(980) at B factories using the ISR
method [213-215], in the charmonium decay
J/w — ndfp(980) [216, 217], and in e*e™ — ndfp(980) at
cms energies between 3.7 and 4.6 GeV [218]. Theorists
explain it as a traditional 33S;s5 or 23D;s5 state [219-
222], as a 17" s5g hybrid [223], as a tetraquark state [224-
227], as a AA(’S ) bound state [228-230], and as a ¢KK
resonance state [231, 232]. According to PDG [24],
#(2170) has been observed in the final states ¢ f,(980), ¢n,
¢nr, and K* K~ f5(980). For the final state K*0g*0, only an
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upper limit has been reported [233]. Hence, the number
of experimentally established decay modes of ¢(2170) is
limited. In addition, as shown in Fig. 4.21, there is a large
scatter of the measured values of the mass and width of
#(2170). So far, none of the above theory models has
been confirmed or ruled out by the experimental results.
Describing ¢(2170) as a 3°S;s5 or 23D;s5 state fa-
vors the decay modes Kk*K*, KK(1460)+c.c., and
nh1(1380), while these modes are forbidden for a 17" s5g
state. Instead, KK;(1400)+c.c. and KK;(1270)+c.c. are
favored for the 17" s5g state [212, 219, 223]. However, all
four decays produce the same final state: KKnn. Origin-
ally, ¢(2170) was observed in the ¢zn final state, an inter-
mediate state of KKnr. The fitted ¢(2170) resonance
parameters m = (2079 £13) MeV/c® and T = (192+£23)
MeV in the ¢nr mode are slightly lower than
m=(2163+32) MeV/c® and T = (125+40) MeV in the
¢10(980) mode [215], which is consistent with the avail-
able measurements in the ¢/,(980) mode (see Fig. 4.21).
A PWA analysis of e*e™ — KKxr by BESIII would be
useful to distinguish between s5 and s5g, and to under-
stand the results obtained from the ¢nr and ¢f(980)
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Fig. 4.20.  (color online) The strangeonium spectroscopy.
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ponds to observed s§ resonances taken from PDG [24].
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modes.

The e*e” — ¢n and e*e” — ¢’ processes are well
suited for studying the excited ¢ states, and useful for es-
timating the mass and width of strange quarkonia due to
the OZI rule. The main decay modes in the tetraquark
picture [226] are the ¢n and ¢n” modes. The predicted de-
cay width of the 17~ s5g state to ¢n is much larger than of
¢’ [223, 234], whereas ¢7 is forbidden for 23Dy s5 states
[219]. However, the uncertainty of the cross-section of ¢n
around +/s = 2.2 GeV, measured by BaBar, is at the 50%
level [235]. A clear signal of ¢1’ was observed by BaBar
[236]. A precise measurement of ¢n and ¢r’ modes at
BESIII would be useful to distinguish between the tetra-
quark, hybrid and 23D, pictures of ¢(2170). Besides
#(2170), there is another possible structure of ¢f,(980)
and K*K~f;(980) around 2.4 GeV [213-217]. BaBar de-
termined its mass and width as (2.37+0.07) GeV/c” and
(77+£65) MeV, while Ref. [237] reported (2436+34)
MeV/c” and (99 £ 105) MeV, respectively, with a statistic-
al significance smaller than 30. A QCD sum rule also
predicts two JP¢ = 17~ resonances (2.34+0.17) GeV and
(2.41+£0.25) GeV, both around 2.4 GeV [238]. In the
¢K*" K~ mode, two broad structures were observed at 2.3
GeV and 2.7 GeV, albeit in a different m(K*K~) range
[213, 214]. A scan in 40 MeV steps in the range [2.35,
2.83] GeV, with an integrated luminosity of 20 pb~! at
each energy point, is called for to search for (possible)
new resonances.

Last but not least, Refs. [220, 239] predict a broad
resonance with a mass around 1.9 GeV, regarded as the
1D state of the ¢ family. A new scan between 1.8 and 2.0
GeV is needed to search for 13D, s5 (shown in Fig. 4.20),
and to investigate the threshold production of nucleon
pairs and a structure around 1.9 GeV, shown in Ref.
[240]. The scan should be performed in 10 MeV steps
between 1.8 and 2.0 GeV, with an integrated luminosity
of 4 pb~! at each energy point.

Based on the collected data for R values in the energy
range between 2.0 and 3.08 GeV, we already studied the
final states K'K [241], ¢K*K~ [242], and K*K n°x°
[243], and the investigation of further possible decay
modes is ongoing. However, more data at additional en-
ergy points are needed, which are listed in Table 4.4.

4.8 Prospects

The different physics aspects addressed in this chapter
cannot be studied with a single data set. While studies
based on ISR or two-photon collisions require large data
samples, taken at masses well above the actual mass
range of interest, precise studies of line shapes or
threshold effects are best performed with several smaller
data sets in an energy scan.

The existing ISR studies were mostly performed with
2.9 fb~! taken at the y(3770) peak. The results are already
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Table 4.4. Proposed data for 7-QCD study.

energy physics highlight current data expected final data time/d
1.8-2.0 GeV R, nucleon, resonances N/A 96 pb ' at 23 points 66
around 2.2324 GeV AA threshold one point 40 pb71 at 4 points 17
2.35-2.83 GeV R & resonances few points 260 pb ' at 13 points 60
2.5 GeV hyperon 1pb ' data 100 pb ' 26
J/¢ scan phase 100 pb ' data 1000 pb ™’ 150

competitive with previous measurements of hadronic
cross-sections. However, one of the key issues, the had-
ronic contributions to a,, is still open. The published BE-
SHI result for the dominant 7*n~ contributionis cur-
rently dominated by systematics, where the largest contri-
butions stem from the uncertainties of the luminosity de-
termination and the theoretical uncertainty of the radiator
function. An alternative approach to the normalization of
the cross-section can reduce the systematic uncertainty.
Using the ratio with respect to the muon cross-section,
cancels the two uncertainties mentioned above. However,
due to an insufficient muon yield in the current data set,
the statistical uncertainty becomes dominant. Based on
the published results, it is estimated that an additional
data set of 20 fb~! taken at the ¥(3770) peak, and the data
set proposed in Chapter 3 for XYZ physics, will allow to
collect sufficient statistics to perform the normalization of
the hadronic cross-sections with respect to the muon
yield. The systematic uncertainty of the pion form factor
measurement could be reduced to O(0.5%), making the
BESIII result not only comparable, but competitive with
KLOE, BaBar and the announced CMD-3 measurements,
as well as with the potential future analyses by Belle II.
At the same time, this data can be used to study TFFs
in two-photon collisions. While #°, 1, 77/, as well as pion
pairs, can be studied satisfactorily with a single-tag meas-
urement using the existing data, the statistics is rather low
for higher mass resonances or for a double-tagged meas-
urement of the lightest pseudoscalar mesons. However,
the latter two are of special interest for understanding the
hadronic light-by-light contribution to a, at the level of
the new direct measurements at FNAL and J-PARC. An
additional data set of 20 fb~! at /s = 3.773 GeV would be
most beneficial for the TFF measurements by BESIII for
two reasons. On the one hand, it would increase the stat-

istics for large invariant masses of the hadronic systems
produced. On the other hand, it would allow to perform a
first measurement of the doubly-virtual TFF in the en-
ergy region which is most relevant for a, calculations,
with sufficient statistical precision to test the hadronic
models and provide valuable input to the new, data-driv-
en theory approaches to ;B

The scan measurements performed by BESIII have al-
lowed to determine baryon EM FFs at the respective
thresholds and revealed puzzling features. In order to
shed more light on these aspects, further detailed studies
with enhanced data sets around the nucleon threshold at
cms energies between +/s=(1.8,2.0) GeV, the AA
threshold at 2.2 GeV, and the A.A. threshold at 4.58
GeV, are necessary.

So far, the emphasis has been on the investigation of
EM FFs of nucleons and the A hyperon. An additional in-
tegrated luminosity of 100 pbf1 at ~ 2.5 GeV would al-
low not only precision studies of A but also of 30 with a
6% statistical uncertainty, and of ¥* with a 4% statistical
uncertainty, including the measurement of their effective
form factors, their |Gg/Gwy| ratios, and the phase angle
between Gg and Gy for A and X+ hyperons.

A high-statistics data set at 2.2 GeV would also be be-
neficial for improving the understanding of the AA
threshold, and for the studies of ¢(2170). It would allow
to perform PWAs of the ¢nr final state. A structure has
been observed in the ¢nrm system around 2.4 GeV. The
existing data taken by BESIII at this energy suffer from
small statistics. In order to shed light on the nature of this
structure, it would be necessary to collect more data, with
20 pb~! for each energy point around 2.4 GeV for a 8%
uncertainty.

Table 4.4 summarizes the proposed data for the stud-
ies presented in this chapter.
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Chapter 5
Charm Physics

5.1 Introduction

The ground states of charmed hadrons, e.g. D), D},
and A/, can only decay weakly and so precision studies
of these charm decays provide important constraints on
the weak interaction [1]. Furthermore, as the strong force
is always involved in the decays of charmed hadrons and
the formation of the final-state hadrons, precise measure-
ments of the decay properties allow tests of non-perturb-
ative quantum chromodynamics (QCD) calculations. The
decay rates of the ground states of charmed hadrons are
dominated by the weak decay of the charm quark. For
comparison, the lifetimes of the charmed hadrons are
shown in Fig. 5.1(a); it is surprising that their individual
lifetimes differ by up to a factor of 10. As shown in Fig.
5.1(b), the ratio of 7(D*)/7(D%) =2.54+0.01 is very dif-
ferent from that of the corresponding lifetimes in the
beauty sector, 7(B*)/7(B%) = 1.076 +0.004. From these ob-
servations one can infer that deviations of the lifetime ra-
tios from unity decrease with increasing heavy-flavor
quark mass mg. Heavy flavor decays thus constitute an
intriguing laboratory for the study QCD. According to the
data, the non-perturbative effects in the decays of
charmed hadrons are much more important than those in
the beauty sector. Comprehensive studies of the decays of
charmed mesons and baryons will play an essential role
in advancing our understanding of the strong interaction.
In particular, the understanding of the different decay
mechanisms, such as weak-annihilation, W-exchange and
final-state scattering, is essential for developing a com-
plete theory of charmed hadron decays. Therefore, the

LI I B BN B B B
Q; 268+26 - charmed
20 1545825 = hadron
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Fig. 5.1.

data from the BESIII experiment will have a leading role
in understanding non-perturbative QCD.

BEPCII/BESIII produces charmed hadrons near their
mass threshold, which allows exclusive reconstruction of
their decay products with well-determined kinematics. Up
to now, BESIII has collected data corres?onding to the
integrated luminosities of 2.9 fb ', 0.5 fb ', 3.2 fb ', and
0.6 fb ' at Vs =3.773,4.009, 4.178, and 4.600 GeV, re-
spectively, as well as data at /s = 4.23, 4.26, and 4.36
GeV. Based on these data sets, many world-leading res-
ults have been published. These include the first measure-
ments of the absolute branching fraction (BF) of the A}
baryon to hadronic and semi-leptonic (SL) final states,
which is an important milestone in the investigation of
the charmed baryon sector; the most accurate measure-
ments of the Cabibbo-Kobayashi-Maskawa (CKM) mat-
rix elements |V, | and |V,4|, which is an essential input for
tests of the CKM matrix unitarity; and the most precise
measurements of the decay constants in leptonic decays
as well as the form factors in SL decays, which are cru-
cial for calibrating LQCD for heavy quark studies. Also,
it is important to test lepton-flavor universality (LFU) by
using the leptonic and SL charmed hadron decays.

However, improved knowledge of the charmed had-
ron decays is required to match the significantly im-
proved LQCD calculations, and to better understand the
strong-force dynamics in the charm region. In addition,
more precise measurements of the strong-phase differ-
ence between the pY and PO decays to final states, which
are used to measure the y angle (also known as ¢3) of the
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=0 1.48+0.03 —— hadron
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() (color online) Comparison of the lifetimes of charmed hadrons [2]. For the lifetimes of Q7, 20 and =/, we take the recent

measurement from LHCD [3]. (b) Comparison of the lifetimes of beauty hadrons. In the left figure, “10x” means that the lifetimes

differ by about one order of magnitude.
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CKM unitary triangle in B+ — DK* decays, are neces-
sary (D denotes either p° or pY). Such improved meas-
urements will prevent the y measurements at LHCb and
Belle II from being systematically limited due to uncer-
tainties of the neutral D strong-phase.

This section describes the future pursuit of this rich
charm program. Specifically, we focus our discussion on
the most important measurements that can be made with
the proposed future data taking: po+), D¥, and A}
samples accumulated at /s = 3.773, 4.178, and 4.64 GeV
with respective integrated luminosities of 20 fb ', 6 fb '
and 5 fb . Furthermore, it will be interesting to study for
the first time the baryons A. and X, at the threshold and at
higher c¢cms energies, for example, e*e” — AYZ. and
A}E.n. We also discuss the possible energy upgrade of
BEPCII to 5 GeV, so that the thresholds would open for
baryon pair production ete™ — X .2, and E.Z.

5.2 DY+ and D} physics

5.2.1 Leptonic decays
In the Standard Model (SM), the partial widths of the
leptonic decays D) — {*v, can be written as

G2 f2 ) \2
PGy = €)= —2 | Veaco P iy | 1
(s) ve) = 81 cd(s) | MyMpy 2 s
mD+

BNER)
where G is the Fermi coupling constant, fp. is the D(j,
decay constant, [V4)l is the CKM matrix element [2],
and mg [mp; ] is the lepton [D(J“S) meson]| mass. Using the
lifetimes and the measured BFs of these decays, one can
determine the product fp. [Veas)l By taking as input fp;
as calculated in LQCD, the value of |V,4s)| can then be
obtained. Alternatively, V.44l can be taken from the
global fits of the other CKM matrix elements, and fp; can
be determined instead.

With the data sets at hand, BESIII has reported the
improved measurements of BFs of D*—u*y,
D" — 1%y, and Dy — u*vy, as well as of fp. and [Vega)l
[4-6]. The achieved precision is summarized in Table 5.1.
Experimental studies of DY — t*v, with v —a*y,,
™ = e*vev,, T - utvryy, and ™ — p*y, arestill ongo-
ing. Based on existing measurements at CLEO-c [7-9],
BaBar [10], and Belle [11], the expected signal yield of
D} — v, will be larger than of D} — u*v,, but will
have more background and significant systematic uncer-

Table 5.1.  Expected precision of measurements of Dzrs) — %y, at BESIII and Belle 11. For BESIII, some systematic uncertainties, which are statistic-

ally limited by the control samples, are expected to be improved. The total systematic uncertainty is assumed to be comparable to the corresponding

statistical uncertainty. For D™ — 77y, only ¥ — 7v is used currently. However, more 7+ decay channels could be used. For D} — 7*v,, the expecta-

tion is based on v — 7v, evv, uvv, and pv. Considering that the LQCD uncertainty of fp+ has been reduced from 1.9% to 0.2%, |V,4| measured at BE-

SIII has been re-calculated, and is marked with”, Preliminary results are marked with'. For Belle II, we assume that the systematic uncertainties can be

reduced by a factor of 2 compared to the Belle results, and the systematic uncertainty for D* — p*v,, is the same as for D} — u*v,.

BESIII BESIII Belle Belle IT

Luminosity 2.9 1fb " at3.773 GeV
g(D+ - ﬂ+yﬂ) S'I%Stal.1'6%syst. [4]

20 fb ' at 3.773 GeV lab ' at T(nS)
1 -g%stal. 1 '3%syst. -

1

50 ab ' at T(nS)
3.0%qga1 1.8%yst [54]

fD+(MeV)
|Vcd‘
BD* - 1thv;)

2'6%staL0'9%syst. [4]

2.6%star, 1.0%y5, [4]
20%star. 13%syst. [5]

1 'O%stato' 8%syst, - -

1 .0%51311. 0~8%:ysl.
8%staL5 %syst,

P 20%q1a1,13%syst, [5] 8%, S%syst. - -
Luminosity 32 ' at4.178 GeV 6fb ' at4.178 GeV lab ' at T(nS) 50 ab ' at T(nS)
B(Dt - u*v,) 2.8%,101 2. 7%4ys0 [6] 2.1%00 2-2%y, 5.3%4003-8%yst, 0.8%q001.8%yst

Fpi(MeV) 1.5%01.6%,y5, [6] 1.0%g00 1.2%¢y0 - -

el 1.5% a1 1.6% 4y, [6] 1.0%g001.2%¢y - -

s 1 for 3.0%qgq1,1.5%qy5. [6] 1.4% 00 1.4%ys0 - -

B(Df - 1ttvy)

2.2%qtar 2.6%..

syst.

1.6% 0 2:4%y4;

fo(MeV) 1.1 %stat. 1 ‘S%Syst, O'g%stat. 1 .4%53,5[‘
[Ves] 11 %qgar, 1.5% 0.9%,00 4%y
P (M eV 0.9%qiar. 1.0%, 0.6%4a1,0.9%qy.
Jpt i
|VfA&T| 0~9%slal. 1'0%;ysL 0-6%stat.0-9%syst.
B(DF -1V, +
%%f;*\t,‘; 3'6%5t“t-3'0%syst, 2.6%0s1a1. 2.8 %05y,

3 '7%stat.5 ~4%sysl,

1 ~6%stat.2~0%syst.

6-4%stat. 5 -2%systA

0.6% 0 2. 7%ysc

0.3%0.1.0%gys.

0'9%stat,3 '2%syst.
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tainties. After weighing the measurements performed
with different v decays, the sensitivity of the result for
D?{ — v, will be comparable to DY — u*v,. Thus, the
measurement precision with DY — ¥y, can be estimated,
as summarized in Table 5.1.

There are four reasons why improved measurements
of D) > ¢*v; with 20 fb ' of data at 3.773 GeV and 6
fb ' of data at 4.178 GeV are desirable.

1. Constraints to the LOQCD calculations

Figure 5.2 shows a comparison of fp;, measurements
by various experiments and the values obtained in LQCD.

Focusing on fp., it may be seen that BESIII provided the
currently most precise individual measurement, which
has a statistical uncertainty of around 2.5%. In contrast to
the LQCD uncertainty of 0.2%, there is much more room
for improvement in the experiment. With 20 fb ' of data
at 3.773 GeV, the relative statistical uncertainty on fp.
can be reduced to approximately 1%, which is still larger
than the current systematic uncertainty.

2. Determination of |V sa)|

Alternatively, the LQCD calculations of fp; may be
taken as input, and the leptonic BF measurements used to
confront weak physics. In SM, quark-flavor mixing is de-
scribed by the unitary 3 x 3 CKM matrix

Vud Vus Vub
Vekm =| Vea Ves Ve (5 2)
Via Vis Vu

Any deviation from unitarity would indicate new physics
beyond SM. Improving the accuracy with which CKM
matrix elements are determined is one of the principal
goals in flavor physics, as it will test the unitarity of the
CKM matrix with higher accuracy.

In the past decade, much progress has been made in
LQCD calculations of fp. . The uncertainties of fp; calcu-
lated in LQCD have been reduced from (1-2)% to the
0.2% level [12, 13], thus providing precise information to
measure |V, and |V,4|. Comparison of the measured
[Vesayl With different methods and experiments is shown
in Fig. 5.3. In the figure, the BESIII result for |V,.4| has

been recalculated with the latest LQCD calculation of
fp- =2127+0.6 MeV [12]. Currently, the average is
dominated by the BESIII measurements of D{) — (v,
decays, which have an uncertainty of 2.5% (1.5%) for
[Veaesyl- The statistical uncertainty of |V,4| is dominant,

L e B e LA S N S m
FNALMILC ~ PRD98,074512 212.740.6 o
RBC/UKQCD  JHEP1712,008 208.7+2.877; —C—
ETM PRD91,054507 207.4+3.8 ——
FNAL/MILC ~ PRD90,074509 212,6+0.477 <=
HPQCD PRD86,054510 208.3+3.4 ——
FNAL/MILC ~ PRD85,114506 218.9+11.3 —C et
CLEO PRD78,052003, uv, T vV  206.8+8.7+2.5 ———
BESIII PRD89,051104, v 203.8:5.2:1.8 et
BESIII Expected (20fb™), puv 203.82.0+1.5 ——
PR [T SR S SR ST SR NS ST S IR S B SR R
fo- (MeV)
(a)
T T T T L e e e N N A
FNAL/MIL PRD98,074512 249.9:0.4 o
RBC/UKQCD JHEP1712,008 246.4+1.37 o
RBC/UKQCD PRD92,034517 254.0+2.0+4.0 o=
ETM PRD91,054057 247.2+4.7 =om
FNAL/MILC ~ PRD90,074509 249.0+0.3; Q
FNAL/MILC ~ PRD85,114506 260.110.8 O
HPQCD PRD82,114504 248.0:2.5 o
CLEO PRD79,052002, T,,,v 252.8+11.2+5.5 ——
CLEO PRD80,112004, 7,,v 258.0+13.3+5.2 ———
CLEO PRD79,052001, ,,v 278.3+17.6+4.4 ——
BaBar PRD82,091103, 7,,, ,,,V  244.6+9.1+14.2 ——
Belle JHEP1309,139, oy, v, nV  262.2+4.817.4 ——
BESII PRD94,072004, uv, t_v 241.0116.316.6 Gt
CLEO PRD79,052001, pv 257.6+10.3+4.3 —_—
BaBar PRD82,091103, pv 265.9+8.4+7.7 —_——
Belle JHEP1309,139, pv 249.8+6.6+5.0 ——
BESIII PRL122,071802, pv 252.9+3.7+3.6 —.—
BESIII Expected (6b™), B 252.9+2.7+3.0 o
P B L IR S !
fo, (MeV)
(b)
Fig. 5.2.  (color online) Expected precision of the measure-

ments of: (a) fp+, using D — u*v, with 20 o' of data at
3.773 GeV; and (b) fp: , using D} — u*v, with 6 b ' of data
at 4.178 GeV. The green bands show the LQCD uncertain-
ties [12]. The circles and dots with error bars are the LQCD
calculations and the experimental measurements, respect-
ively. The value marked in red denotes the best measure-
ment, and the values marked in light blue denote the expec-
ted precision.

whereas the statistical and systematic uncertainties of |V
are comparable.

The recalculated value of |V,4| is consistent with the
value of |V.4| = 0.22522 +0.00061, obtained from the glob-
al fit of the other CKM matrix element measurements that
assumes unitarity in SM, within 1.70. With 20 fb" of data
at 3.773 GeV and 6 fb' of data at 4.178 GeV, the relative
precision of the measurements of |V, and |V, with
leptonic decays will both reach 1.0%.

3. Tests of lepton flavor universality

In recent years, hints of LFU violation have emerged
in some SL B-meson decays [14-23]. In Ref. [24], it is ar-
gued that LFU violation may occur in ¢ — s transitions
due to an amplitude that includes a charged Higgs boson,
that arises in a two-Higgs-doublet model, interfering with
the SM amplitude involving a W* boson. Therefore, it is
important to test LFU with D) — {*v, decays.

In SM, the ratio of the partial widths of D) — 7%v;

and D, — p*v, is predicted as
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Fig. 5.3.  (color online) Expected precision of the measure-

ments of: (a) [Vl , using D* — utv, with 20 b of data at
3.773 GeV; and (b) [Vl , using DY — v, with 6 b of
data at 4.178 GeV. The green bands show the uncertainties
of the average values from the global fit in SM [2]. The
circles, dots and rectangles with error bars are the values
based on SL D decays, leptonic D decays and other meth-
ods, respectively. The value marked in red denotes the best
measurement, and the values marked in light blue denote
the expected precision.
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With the world average values of the masses of leptons
and D, [2], one obtains Rp- =2.67 and Rp. =9.74 with
negligible uncertainties. The measurements of Rp; repor-
ted by BESIII are 3.21+0.64£0.43 (9.98+0.52), which

agree with the SM predictions. However, as previously
noted, these measurements are statistically limited. With
20 fb ' of data at 3.773 GeV, the precision of RD+ will be
statistically limited to about 8%. With 6 o' of data at
4.178 GeV, the precision of Rp. will be systematically
limited to about 3%.

4. Comparison with other experiments

The leptonic decays reconstructed at BESIII and
CLEO-c come from data sets accumulated just above the
open-charm threshold, where p°p° or p*p~ mesons are
produced as pairs. BFs can be determined by considering
the yields of the single-tagged and double-tagged events.
With this method, the background level and systematic
uncertainties are lower than in measurements at B factor-
ies.

Currently, the best measurements of D* — £*v, are
from BESIII. So far, no studies of D™ — ¢*v, have been
reported by BaBar, Belle, and LHCb, which may be due
to the higher level of background that these experiments
encounter. BESIII is expected to provide unique data in
the next decade to improve the knowledge of fp.,
|V.ql, and test LFU in D — £*v, decays.

BaBar [10] and Belle [11] have reported measure-
ment of D} — {*v, using e*e” — c¢c - DKXD}~ with
D}~ — D5y, performed with about 0.5 and 1.0 ab ' of
data taken around Y(4S), respectively. The statistical and
systematic uncertainties of the measurements of fp. and
|V.s| at Belle are 1.6% and 2.5%, respectively. The dom-
inant systematic uncertainties are from normalization, tag
bias, partlcle identification, fit model and D} background.
With 50 ab ' of data at Belle II, the stat1st1ca1 uncertain-
ties of these measurements are expected to be reduced to
0.25%. However, it will be extremely challenging to re-
duce the systematic uncertainties to match this level.
Hence, it is expected that the measurement of D} — (v,
performed at BESIII with 6 fb " of data at 4.178 GeV will
have a very significant weight in a future world average.

BESIII measurements of purely leptonic DY decays
will be limited to a large degree by systematic uncertain-
ties. This motivates the exploration of taking data at /s =
4.009 GeV, where the DY D; production is only possible.
Such a data set will have a considerably reduced back-
ground with the double-tag method, thus improving the
systematic uncertainties of the measurements. The draw-
back is the reduction of the cross-section by a factor of
three with respect to the operation at 4.178 GeV. There-
fore, a data set of 20 fb~! would be required to match the
statistical precision of 6 fb " of data at 4.178 GeV for all
measurements of D} decay. Such a large set corresponds
to many years of data taking and as such cannot be con-
sidered as the highest priority among the various charm
physics data sets requested.

5.2.2 Semi-leptonic decays
In SM, the weak and strong effects in SL Do) de-
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cays can be well separated [25]. Among them, the
simplest case is D** — K(7)¢*v,, for which the differen-
tial decay rate can be simply written as

ar G2 .
" S VesoP P 127 @P, (5.3)

where G is the Fermi coupling constant, and pk(y) is the
kaon (pion) momentum in the D rest frame, ff(")(cf) is
the form factor of the hadronic weak current depending
on the square of the transferred four-momentum
q = pp — Pk From the analyses of the dynamics of these
decays, one can obtain the product ff(”)(O)IVCS(d)l. By tak-
ing ff(”)(O) calculated in LQCD, or |V,4| from a global
fit assuming unitarity in SM, the value of either |V,4| or
5™ (0) can be obtained.

® Form factors of SL decays

With the data sets at hand, BESIII has reported im-
proved measurements of the absolute BFs and the form
factors of the SL decays D°® — Ke*v,, D) — rety,
[26, 27], D°— K u*v, [28], D* - netv, [29], D* —>
K*ety, [30], D' — p=O¢*y, [31], D* = we*v, [32],
DY — K®%*y, [33] and D} — n"e*v, [34]. Figure 5.4
shows the form factors fX(0) and f7(0) measured by vari-
ous experiments and calculated in LQCD. The BESIII
measurement of £X(0) is dominated by systematic uncer-
tainties, whereas other measurements are dominated by
statistical uncertainties. The measurements of the form
factors of D°— K*“e*v,, D' —nuv,, D! - petv,,
DY — f(980)e*v, and D} — nu*v, are still ongoing, but
all will be statistically limited with the current data sets.

Measurements of SL p%+) decays that contain a scal-
ar or axial-vector meson in the final state, e.g
DY) — K, (1270)e*v, [35] and D) — y(980)e*v, [36],
have been reported by CLEO-c and BESIII. However,
these decay samples are about 100 events, which is insuf-
ficient to determine the form-factors.

With 20 fb ' of data at 3.773 GeV, all form-factor
measurements which are currently statistically limited
will be improved by a factor of up to 2.6. We also have
an opportunity to determine for the first time the form
factors of D°— K;(1270)e*v., D* — K)(1270)¢*v.,
Dt s yety,, D°— a,(980)e*v,, and D* — a8(980)e+ve.
In addition, studies of the semi-muonic decays
D' — Kuty, and D' — muty, will further improve the
knowledge of £X(0) and £7(0).

With 3.2 fb ' of data at 4.178 GeV, the expected yield
for each of the Cabibbo-favored (CF) SL D} decays is
about 1000, while for each of the singly Cabibbo-sup-
pressed (SCS) SL Df decays it is not more than 200. In
this case, all studies of the dynamics of SL D} decays are
restricted by the limited data sets. The measurements of
the form factors in these decays will be improved by a
factor of up to 1.4 with 6 fb ' of data at 4.178 GeV.
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BaBar PRD76,052005, D°>K'e*v 0.727+0.007+0.009 ——
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BESII PRD92,112008, D* >KSe‘\' 0.748+0.007+0.012
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Fig. 5.4. (color online) Expected precision of the measure-

ments of (a) fX(0) and (b) f7(0) with 20 b of data at 3.773
GeV. The green bands show the LQCD uncertainties [37,
38]. The PDG value is combined from the results of Belle,
CLEO, BaBar and BESIII. The circles and dots with error
bars are the LQCD calculations and experimental measure-
ments, respectively. The value marked in red denotes the
best measurement, and the values marked in light blue de-
note the expected precision.

® Determination of |Veya)

The CKM elements |V, and |V,4| can also be determ-
ined from the analyses of SL decays D) — K¢*v, and
D®  z¢*y, where the values of the form factors are
taken from LQCD. The results using this approach are in-
cluded in Fig. 5.3. At present, the LQCD uncertainties are
2.4% for £X(0) [37] and 4.4% for f7(0) [38], which is sig-
nificantly larger than the associated experimental uncer-
tainties, and therefore limit the determination of |V, and
|V.4| with this method.

In the coming decade, however, the uncertainties of

K(0) and f7(0) calculated in LQCD are expected to be
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reduced to the level of 1.0% and 0.5% [39], respectively.
Therefore, improved measurements of fX(0) and f7(0)
will play a key role in the determination of |V,| and |V,,l.
With 20 fb ' of ¥(3770) data, the experimental uncertain-
ties of the measurements of |V, and |V, with the SL
DY) decays in electron channels are expected to reach
the 0.5% level. Studies of D*® — Ku*v, and p°™
mu*v, will provide additional sensitivity.

In SL DY decays, the analyses of the dynamics of
D > n"e*v, decays with 6 fb ' of data at 4.178 GeV,
where 17—n’ mixing is involved, will provide comple-
mentary measurements of |V . The statistical uncer-
tainty is expected to reach the 2.0% level, which will fur-
ther improve the measurement precision of |V, at BE-
SIII.

® Tests of lepton flavor universality

Previous measurements of BFs of DY — z~u*v, and
D’ - n7e*v, [2] resulted in the ratio of BFs
B(D® - 1 utv,)/B(D° - netv,) = 0.82 £0.08, which de-
viates from the SM prediction of 0.985+0.002 [40] by
2.1c0. This hint of LFU violation has motivated BESIII to
report more precise BF measurements and to obtain the
ratios B(D" — 7 u v,,)/B(DO - etv,)=0.922+0.030+
0.022 and B(D* - n%u*v,)/B(D* - nletv,) = 0.964+
0.037+0.026 [41]. These results are consistent with the
SM predictions within 1.7~ and 0.50, respectively. Con-
siderably more accurate studies will be possible with 20
fb ' of data at 3.773 GeV, besides optimizations of the
systematic uncertainties.

As pointed out in Ref. [24], due to the mediation of
charged Higgs bosons in the two-Higgs-doublet model,
LFU in ¢ — s transitions may be violated. In charm de-
cays, the semi-tauonic decays involving a kaon in the fi-
nal state are kinematically forbidden. Measurements of
the ratio of the partial widths of D*" — Ku*v, and of
D™ — Ket*v, in different ¢? intervals constitute a com-
plementary test of LFU to that using semi-tauonic decays.
These measurements are currently statistically limited
[28, 41], and will be significantly improved with 20 fb '
of data at 3.773 GeV.

o Studies of meson spectroscopy

Studies of intermediate resonances in hadronic final
states in SL decays provide a clean environment to ex-
plore meson spectroscopy as there is no interference from
the other particles. This corresponds to a much simpler
treatment than similar studies of D?S()Jr ) hadronic decays or
charmonium decays. For instance, in D° — K (1270)e* v,
and D' — I_(‘l’(1270)e+ve, the single hadronic current al-
lows to factor out the production of the axial-meson,
which provides unique information about the structure of
the lightest strange axial-vector mesons. At present, the
world average values of the mass, 1272+7 MeV, and
width, 90+20 MeV, of K;(1270) have large uncertainties

[2]. Furthermore, different analysis channels produce
conflicting resonance parameters. Based on the future
BESIII data set, the precision of these parameters is ex-
pected to be improved by a factor of two to three. Also,
we will have an opportunity to study the properties of
other particles, e.g. a;(980) and a8(980) in SL decays. In
addition, it is possible to search for various SL D?i; )
transitions to other scalar or axial-vector mesons, as
shown in Ref. [42].

e Comparison with other experiments

BaBar studied the SL decays D° — K~e*v, [43] and
D° — n=e*v, [44] using the decay D° — K~n* to normal-
ize the measurements. However, BF of DY — K~z* has an
uncertainty of 1% that is larger than the systematic uncer-
tainty of the measurements of D°— K-e*v, and
D% — n=e*v, at BESIIL. Belle made absolute measure-
ments of D° — K~ ¢*v, and D° — n~(*v, using the decay
chain DS;D;;X with 282 fb ' of data taken around (45
[45] with the precision summarized in Table 5.2. So far,
no other SL measurements have been reported by Belle.

BESIII has the advantage of low background and
small systematic uncertainty (<1%) for measurements of
semi-electronic PO+ decays, and with 20 fb ' of data at
3.773 GeV will be competitive with Belle II. On the oth-
er hand, the momenta of most muons in semi-muonic
DY) decays produced at threshold are lower than 0.5
GeV/e, which is outside the detection capability of the
muon counter, and hence makes the study of semi-muon-
ic DY) decays challenging at BESIII. However, im-
proved and comprehensive measurements of the dynam-
ics of many semi-muonic D%+ decays into a pseudescal-
ar meson are feasible, as shown in Refs. [28, 41], but will
be challenging for the semi-muonic PO+ transitions into
vector, scalar or axial-vector mesons.

SL decays can also be studied at LHCb and its up-
grades, particularly in the muon channels. However, stud-
ies of the SL D?S ) decays involving electron and
photon(s) in the final states are more difficult in the en-
vironment of a hadron collider due to larger backgrounds.

5.2.3 Quantum-correlated measurements of p° hadron-

ic decays

The quantum correlation of the p°H° meson pair pro-
duced at ¥(3770) provides a unique way to probe the
amplitudes of D decays, p° DY mixing parameters and po-
tential CP violation in p° decays [46]. Furthermore, the
determination of the strong-phase difference between CF
and doubly Cabibbo-suppressed (DCS) amplitudes in the
decay of quantum-correlated p9pD° meson pairs has sev-
eral motivations: understanding the non-perturbative
QCD effects in the charm sector; serving as the essential
input to extract the angle y of the CKM unitarity triangle
(UT); and relating the measured mixing parameters in
hadronic decay (x’,y’) to the mass and width difference
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Table 5.2.  Measurements of the form factors of SL pO+) decays. For the decays involving a pseudoscalar or scalar meson, the decay rate is paramet-

rized by the form factor f;(0). For the decays involving a vector or axial-vector meson, the decay rate is parametrized by three form factors, V(0),
A1(0), and A»(0), with the relations ry = V(0)/A;(0) and r4 = A»(0)/A;(0). A;(0) for the D* — K*0¢*v, decay is reported due to low background and
sufficient signal at BESIII. For Belle II, we assume that the systematic uncertainties can be reduced by a factor of 2 compared to the Belle results. The

results marked in * for Belle IT are based on both the semi-electronic and semi-muonic decays.

BESIII

BESIII

Belle

Belle IT

Luminosity

DY > K~ety,

2.9 fb'@3.773 GeV
0-4%stat.0-5%syst.

20 fb ' @3.773 GeV
0-2%5131.0-4%syst.

0.28 ab ™’
1.0%sta. 3.2%

*
syst.

50ab '
0.1%gta 1.6%

*
syst.

DY — K=t 0.5%g1a0.4%gys. 0.2%4141,0.4% ¢yt
DO = nety, 1.3%1a.0.7%eyst. 0.5%1a0 0.4 %0 3.2%sta.4.8%y, 0.2%stat. 2.4%3 .
DY — v, NA 0.8%4141,0.8%4yst.
DY - K*e*v,
ry 5.0%41012.0%qy51 2.0%1a1.2-0%4yss. - -
rA 10. %510 2.0%qys. 4.0%1a1.2.0%ys. - -
D° > a;(980)e* v, NA 10.%4140.5.0%ys. - -
D° — Ky (1270)e* v, NA 10.%q141,5.0%gys. - -

Dt - KO%*v,
Dt — KEe*ve
D* - Koutv,
Dt = K0¢ty,
A1(0)
ry
A
Dt - 7lety,
Dt — 7T0/1+VM
D* — netv,
D* > 1n'etv,
Dt — wetv,
ry

TA

0-6%stat. 1 -7%systA
0'9%stat. 1 ~6%sysl,
NA

1.7%4,2.0% ¢y

4.0%414,0.5%qy

5.0%qga1,1.0%ys

1.9%,1,0.5%qy.
NA

4.5%42.0%qy
NA

7-2%stat.4- 8%sysL
1 4%stat.5 '0%sysl.

0'2%5181. 1 -O%syst
0'4%sta1. 1 ~0%sysl,
0-3%5131. 1 -O%syst

0.7%qgar,1.0%ys;.
1.6%41,0.5%qy
2.0%4q1,1.0%4y
0.7%q1a10.5%¢yst
1.0%4qq,1.0%4y
2.0%452.0%4y
10.%44,5.0%qy.

3 -O%Stat.z-O%sysL
3 '0%s1a1.2~0%sysl,

D' — a8(980)e+vg
D* — KV(1270)e* v,
DY) S Oy,
rv

r'A

NA
NA

S-O%stat.4-0%syst.
8-0%stat.4-0%syst.

1 0'%stat.5 '0%syst.
10-%stat.5 -0%syst.

2-O%stat.2-0%syst.
3 '0%5181.2'0%5)’51.

parameters (x,y) [47].

The measurements of the CKM UT angles «, 8, and y
in B decays are important for testing the CKM unitarity
and searching for CP violation beyond SM. Any discrep-
ancy in the measurements of the unitarity triangle in-
volving tree and loop dominated processes would indic-
ate high-mass new physics within the loops. Among the
three CKM angles, the measurement of y, where the cur-
rent world-best measurement from LHCb is (74.0%39)°

3
[48], has particular importance as it is the only CP-violat-

ing observable that can be determined using tree-level de-
cays. Degree-level precision of y will allow a rigorous
comparison of the loop and tree-level determinations of
UT. The independence from loop diagrams means that
the measurement of y has negligible theoretical uncer-
tainty [49]. The precision measurement of y is one of the
top priorities for the LHCb upgrade(s) and Belle II exper-
iments.

The most precise method to measure vy is based on the
interference between Bt — DK+ and B* — DOk* decays
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[50-52]. In the future, the statistical uncertainties of these
measurements will be greatly reduced by using the large
B meson samples recorded by LHCb and Belle 11, and by
extending these measurements to other similar B modes
such as BY — pKk*0, where D implies either p° or P9,
B* —» D*K*, B* - DKan, and B* — DK** [53, 54].
However, with increased statistical precision, limited
knowledge of the strong phases of the D decays will sys-
tematically restrict the overall sensitivity. Consequently,
improved knowledge of the strong-phase related paramet-
ers in D decays is essential to make measurements of y to
the degree-level precision. Strong-phase information in
the following D decay modes has been obtained from the
CLEO-c experiment and has been used in the most re-
cent y measurements:

e measurement of the amplitude weighed average co-
sine and sine of the strong-phase difference, ¢; and s;,
where the index i refers to the phase-space region of the
self-conjugate multi-body decays, such as D — Kon*n~
and D — KYK*K~ [55];

e measurement of the coherence factor and the aver-
age strong-phase difference in D — K*n*n*z~ and
D — K*177° [56];

e measurement of the coherence factor and the aver-
age strong-phase difference in D — K K*x* [57];

e measurement of the CP-even content of
D—natratn,D—atn Y and D — K*K~n° [58];

e measurement of the strong-phase difference in
D — K*n* [59];

e measurement of the CP-even content and the
strong-phase difference ¢; and s; in D — Kgn*n~n° [60] .

Complementary constraints on the strong phase in
D — K*n¥*x*n~ decays have been obtained from the
charm-mixing measurements at LHCb [61]. It should be
noted that the precision of the D — K*z* phase is domin-
ated by the combination of charm-mixing measurements
at the LHCb and CDF experiments, and the B factories
[30], so that the role of threshold data is less important.
Recently, BESIII reported the strong-phase measurement
of D — K*n* decays [62], and the preliminary results of
the strong-phase measurements of D — Kon*n~ decays
[63] from the current y(3770) data with an integrated lu-
minosity of 2.93 fb . The precision of these measure-
ments demonstrated the powerful capabilities of BESIII

to determine strong-phase parameters accurately.
However, all the current strong-phase measurements are
still limited by the size of the y(3770) data sets. There-
fore, one of the most important goals of the BESIII charm
physics program is to improve the strong-phase measure-
ments with a larger (3770) data set.

For the existing determination of y that is made by
combining the CP-violation sensitive observables from
different D modes in B — D™ K™ decays, the uncertainty
arising from the CLEO-c input has been found to be
about 2° for LHCb. The current BESIII ¢(3770) data set
is approximately four times larger than of CLEO-c. The
full analysis based on this data gave a factor of 2.5(1.9)
more precise results for ¢;(s;), which reduces its contribu-
tion to the uncertainty of y to at most 0.7° [63]. As evid-
ent from Table 5.3, this precision should be adequate for
the LHCb Run-2 measurement, but will not be sufficient
for the future LHCb upgrade and Belle II era, in particu-
lar because the strong-phase uncertainties will be largely
correlated between the two experiments for each mode.
To minimize the impact of the strong-phase measure-
ment uncertainties on the next generation experiments, a
much larger ¢(3770) data set at BESIII is essential,
ideally corresponding to an integrated luminosity of 20
fb', as BEPCII is the only machine working at the
charm-threshold energy. Furthermore, determining these
parameters with radiative return events to (3770) at
Belle II will not be achievable with suitable precision
even with a data set of 50 ab '. A 20 fb ' sample of
¥(3770) data would lead to an uncertainty of approxim-
ately 0.4° for the y measurement, which will be neces-
sary for the goals of the LHCb upgrade I and Belle II
Moreover, the improved precision will be essential to al-
low even larger data of LHCb upgrade II [64] to be fully
exploited for further improving the knowledge of y, and
allowing a detailed comparison of the results obtained
with different decay modes. A reasonable time frame for
taking the y(3770) data set with 20 b would be 2025,
by when Belle II will complete accumulation of 50 ab '
of data, and the LHCb upgrade I will be mid-way through
its period of operation.

The synergy between the BESIII, LHCb, and Belle 11
experiments is the best way to accurately determine y in
such a manner that the uncertainty of y is statistically

Table 5.3. Expected y/¢3 precision of the LHCb [53] and Belle II [54] experiments and their timescales.

Collected / Expected Year y/¢3
Runs . . . .
integrated luminosity attained sensitivity
LHCb Run-1 [7, 8 TeV] 3fb 2012 8°
LHCb Run-2 [13 TeV] 6fb 2018 4°
Belle I Run 50ab ' 2025 1.5°
LHCb upgrade I [14 TeV] 50 b 2030 <1°
LHCb upgrade 11 [14 TeV] 300 b (>)2035 <0.4°
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rather than systematically limited. Table 5.4 lists the de-
cay modes of interest that can be measured at BESIII.
Furthermore, for the multi-body D final states, the phase-
space binning schemes that could be employed are men-
tioned. Increasing the number of bins improves the stat-
istical sensitivity of the measurements as the amount of
information loss relative to an unbinned method is re-
duced. The modes are listed in their approximate order of
importance for the LHCb measurements. For the Belle 11
experiment, modes with neutrals are more important due
to the larger neutral reconstruction efficiency compared
to LHCb. However, LHCb will have an advantage since
the two- and four-body D decays contain only prompt
charged pions and kaons in the final state.

In addition, it is worth noting the ability of BESIII to
efficiently reconstruct D modes containing a K meson in
the final state, and to determine the relevant strong-
phases. These K? modes provide additional tags (for ex-
ample Ref. [66]) that increase the precision of other
strong-phase parameter measurements at y(3770). Fur-
thermore, it may be possible to use the KS modes at Belle
II to reconstruct B+ — DK* given the anticipated im-
provements in K¥ reconstruction. This is demonstarted by
the fact that the determination of the UT angle B at the B
factories benefited from included B® — J/yK? decays in
the measurement.

The measurements of strong phases using quantum-
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coherent analyses [69] at BESIII provide important input
for the LHCD and Belle II experiments for measurement
of the pOPO mixing parameters and indirect CP violation
in charm mixing. All measurement methods, as de-
scribed in Refs. [70-72], use the charm strong-phase para-
meters. For example, using the ¢; and s; results as input
for time-dependent measurements of D° — Kgn*n~, the
charm mixing parameters x and y can be determined in a
model-independent way [73]. The precise strong-phase
measurements listed in Table 5.4, performed with the cur-
rent and future ¥(3770) data at BESIII, will prevent these
studies from being limited by the uncertainties related to
the strong-phase. Furthermore, the strong-phase measure-
ments have recently been used in time-dependent CP-vi-
olation measurements of the B® — D29 decays by Belle
[74] to make measurements of 3/¢, that are free of uncer-
tainties related to the penguin processes. Such measure-
ments are very attractive at Belle II, and they can be com-
pared to the “golden modes” B® — J/y K" for empirically
determining the pollution from the penguin diagrams in

B/ 1.

5.2.4 Impact on CKM measurements

In SM, quark-flavor mixing is described by the 3x3
CKM matrix Vegwm, as shown in Eq. (2) in Sec. 5.2.1.
Unitarity is the only, albeit powerful, constraint on Vcgy.
Without loss of generality, Vcxy can be parametrized in
terms of three mixing angles and one phase [75]

i
512613 513€
— 1
C1pCo3 = 81253513 $3C13 | 54
- —_ 1
C12823 7 912623513¢  C3Cy3

Table 5.4. A priority-ordered list of strong-phase related measurements that are important for precision measurements of y and indirect CP violation in

charm mixing [53]. For the states that are not self-conjugate, the coherence factor R, and the average strong-phase difference ¢, can be measured [65].

For self-conjugate states, there are two choices: either a measurement of the CP-even fraction F, [66], or a measurement of the amplitude weighed av-

erage cosine and sine of the strong-phase difference, ¢; and s;, where the index i refers to the phase-space region of the given multi-body decay [67].

Decay mode Quantity of interest Comments
D — KOt ¢ and s; Binning schemes as used in the CLEO-c analysis. With 20 fb 'of data at 3.773 GeV, it might be worthwhile to
S ! - explore alternative binning.
- Binning schemes as used in the CLEO-c analysis. With 20 fb 'of data at 3.773 GeV, it might be worthwhile to
D — KYK*K i and s; & Yy »1mig
S ‘i ! explore alternative binning.
D — K*n¥ntn R,6 In bins guided by amplitude models, currently under development by LHCb.
D— K'K ntn™ c¢; and s; Binning scheme guided by the CLEO-c model [68] or potentially an improved model in the future.

D—ntratn F,orc; and s;

D — K*7*n° R,6
D — K)K*r* R,
D— rtrn® Fy

D— K27r+7r_ﬂ0 F.orc;and s;
D— K*K~n° F,

D — K*n* §

Unbinned measurement of F... Measurements of F in bins or ¢; and s; in bins could be explored.

Simple 2-3 bin scheme could be considered.

Simple 2 bin scheme where one bin encloses the K* resonance.

No binning required as F; ~ 1.

Unbinned measurement of F required. Additional measurements of F or ¢; and s; in bins could be explored.

Unbinned measurement required. Extensions to binned measurements of either F; or ¢; and s;.

Of low priority due to good precision available through charm-mixing analyses.
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where ¢;; = cos6;; and s;; = sin;; (for ij=12,23 and 13).
The irremovable phase 6 is the unique source of CP-viol-
ation in quark flavor changing processes in SM. Follow-
ing the observation of a hierarchy between the different
matrix elements, Wolfenstein [76] proposed an expansion
of the CKM matrix in terms of four parameters A, 4, p,
and n, which is widely used in contemporary literature, and
which is the parametrization employed in CKMfitter [77].
The allowed region in the p and n space can be eleg-
antly displayed by means of UT, described by the res-
caled unitarity relation between the first and the third
column of the CKM matrix (i.e. corresponding to the b-
meson system). UT can be described in the complex (5,7)
plane, where the apex is given by the following defini-
tion, independent of the phase convention [78]
Vu na

Vcd Vc*b .

We also propose to represent the combination of CKM
constraints in the plane that is relevant for D meson UT.
In analogy with the exact and rephasing invariant expres-
sion for (,7), we define the coordinates of the apex of D
meson UT [1]

p+in=-— 5.5

VuaVeq
Vus V:S '
where p,, = 1+0(* and 7,, = O(A*). One can see that
this triangle has two sides with length very close to 1, and
a small side of the order O(1*), with angles a., = -y,
Bew =y +m+0(A*) and y,, = O(AH).

To constrain these parameters, we consider a pro-
spective exer01se at the time when BESIII completes tak-
ing 20 fb of data accumulated at the pp threshold [1],
and 6 fb ' data at 4.178 GeV, i.e. around 2025 (Phase D).
By that time, LHCb W111 have collected 23 fb [79] and
CMS/ATLAS 300 fb ' of data, that is after Run 3 of the
LHC and prior to the start of HL-LHC. We also take mto
account the prospective accuracy of Belle II at 50 ab’ at
Phase 1 [54]. The individual constraints as well as the
combination of the usual observables that will be avail-
able in 2025 are shown in the (o,,.7,.,) plane in Fig. 5.5.
One can also transfer the constraints to the (|Vil,|Veal)
plane, as shown in Fig. 5.6, which clearly shows the dir-
ect contribution of the BESIII measurements of |V, and
|V.ql, and allows precise tests of the consistency of CKM
determination from different quark sectors.

In Phase I, beyond 2035, we assume larger data sets,
300 fb ' for LHCb and 3000 fb ' for CMS/ATLAS. The
corresponding perspectives for the individual constraints
and the global CKM fit in the (5,7) plane are shown in
Fig. 5.7, which involve both the LHC and Belle II meas-
urements related to B and B, mesons. We use the avail-
able sources for the uncertainties [54, 79] assuming that
all measurements agree perfectly well with SM. As men-
tioned in Sec. 5.2.3, thanks to the critical input for charm

5cu+iﬁcu == (56)
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Fig. 5.5. (color online) Individual constraints and the global

CKM fit in the (p,,,7.,) plane according to our projection of
the experimental status in 2025 (Phase I). The shaded areas
have 95% CL. Only a part of D meson UT is visible (black
solid lines). The two apices associated with large angles are
shown, whereas the missing corner is situated at the origin,
on the far left.
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Fig. 5.6. (color online) Constraints in the (|V.4l,|V.sl) plane
for the Phase I data. The indirect constraints (from b trans-
itions) are related to |V.4| and |V, by unitarity. The direct
constraints combine leptonic and SL D and D; decays from
the BESIII experiment. The red hashed region of the global
combination corresponds to 68% CL.

strong phases from BESIII with 20 fb ' of data accumu-
lated at the pp threshold [1], the knowledge of the angle
v will be improved to 0.4° or better, allowing for ex-
tremely precise tests of the CKM paradigm, and provid-
ing a sensitive probe for possible new physics contribu-
tions.
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Fig. 5.7.  (color online) Evolving constraints and the global

fit in the (p,7) plane with the anticipated improvements for
the Phase II data (300 fb" from LHCb [79], 3000 fb" from
CMS/ATLAS, and 50 ab" from Belle II [54]). v is expec-
ted to have an accuracy around 0.4 degrees (shown in Ta-
ble 5.3), thanks to the BESIII charm input with 20 ' of
data accumulated at the pp threshold [1]. The shaded areas
have 95% CL.

5.2.5 CP violation and D mixing

It is not competitive to search for CP violation and
charm mixing parameters at BESIII, since the achievable
DY and PP samples are smaller by more than 2-4 orders of
magnitude than those at LHCb and Belle II. However,
BESIII can uniquely explore the quantum coherence of
the initial pOPO state produced at y(3770) to provide con-
straints [80] on the mixing and CP-violating parameters
[81, 82] that have completely different systematic uncer-
tainties than those at LHCb or Belle II. For example, de-
cays of each D in the pOpDO state into final states of the
same CP would immediately indicate CP-violation in
charm, as the D-states produced at ¥(3770) have opposite
CP,

s = [(x2 +y2) (cosh2 ay — cOS> ¢>)] 2D - f.),

where we employ two CP = + states f, such as f=n"n".
Also, ¢ =arg(p/q), Ry, = |p/ql, and a,, = logR,, [81]. In ad-
dition, superb kinematical constraints might make BE-
SIII competitive in studies of CP-asymmetries in some
multi-body D decays [83].

5.2.6 CPT violation in charm mixing

CPT is conserved in all local Lorentz-invariant theor-
ies, including SM and all its commonly-discussed exten-
sions. Yet, CPT violation might arise in string theory or
some extra-dimensional models with Lorentz-symmetry
violations in four dimensions. Time evolution studies of

CP-correlated pOpY states are complementary to CPT-vi-
olation studies at B-factories and the LHC. While studies
of these models are not particularly well motivated at the
charm threshold, CPT-violating effects can still be probed
with the quantum-correlated p°pO states at (3770) [84].

5.2.7 Absolute measurement of hadronic decays

The hadronic decay of charmed hadrons provides im-
portant information not only about the charmed hadron it-
self, but also about the light daughters of the hadron.
Therefore, studying the charm multi-body hadronic de-
cays is a powerful tool for light hadron spectroscopy.
Analogously, studying the high-statistics hadronic de-
cays of charmed baryon A} with a data set of 5 o' pro-
duced at 4.64 GeV, as discussed in Sec. 5.3.1, is useful
for an improved understanding of the light meson and ba-
ryon spectroscopy.

Experimental studies of two-body hadronic decays of
DY, D*, and D} mesons are very important for calibrating
theoretical models. There are different final-state possib-
ilities, namely PP, VP, VV, SP, AP, and TP, where P, V,
S, A, and T represent pseudoscalar, vector, scalar, axial
vector, and tensor mesons, respectively. The simplest
cases of the PP decays of p° D*, and DY have been ex-
perimentally well investigated in recent years. However,
some of these measurements, particularly of the DCS de-
cays, are still statistically limited. Studies of non-PP fi-
nal states require sophisticated amplitude analyses of
multi-body decays of charmed mesons that are not well
developed because of either the limited statistics or the
high background level. Larger p%+) and D, data samples
are necessary to guarantee clean signal samples with suf-
ficient yields to perform reliable amplitude analyses, so
that all types of two-body process can be well under-
stood.

At present, the sums of BFs for the known exclusive
decays of D% p*, and D} are all more than 80% [2].
However, there is still significant room for exploring
many unknown hadronic decays. A 20 o' sample of data
at (3770) will allow the determination of many BFs of
missing decays to Kxar, KKnr, and KKnnr, as well as
further exploration of the sub-structures in these decays.
Some of them, for example D°— K-n*zn%z° and
D* — K2 7%2°, are expected to have a BF in the range
of 5%-10% [85], which can be significantly improved
with the precise detection of 7° and photons at BESIII.

LHCD has the ability to measure a large number of re-
lative BFs of charm and beauty hadrons, on account of
the high yields resulting from large cross-sections for
heavy-flavor production in the forward region. Convert-
ing from the BF ratio to the absolute BF incurs an addi-
tional uncertainty in BF of the reference mode, such as
DK n*,D°->K n*n*n”,D* - K n*n*, DI > K K*rx*,
and A} — pK~n*. Absolute BF measurements of the oth-
er charmed baryons, Z0 and Z, are also strongly desired.
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Although it is acknowledged that these modes are very
hard to measure with the current energy of the collisions
at BESIII, the importance of these measurements is
stressed here in case future developments could make
them possible. Relevant discussion of the prospects for
measurements of charmed baryons is given in Sec. 5.3.1.

With 20 fb ' of data at 3.773 GeV and 6 fb ' around
4.178 GeV at BESIIIL, many D, decays are expected to
be measured with an uncertainty of about 1%, which will
then be limited by the systematic uncertainties related to
particle reconstruction in different final states. Improved
measurements of the absolute BFs at BESIII will be
highly beneficial for some key measurements at LHCb,
since it is expected that the uncertainty of the reference
mode will become the dominant uncertainty of several
measurements. One prime example is the LHCb measure-
ment of B — D*t*v,, which is used to test lepton univer-
sality [53]. BESIII can make precise measurements of
BFs of the p% D?, and p* inclusive decays to three
charged pions and to neutral particles, and exclusive de-
cays to final states with neutral kaons and pions (e.g.
D - n'x*n%, DY —» Ko7*n*n 2% and D™ — nX, X de-
notes any possible particle combinations), which will
have a significant impact on optimizing the background
models. Another example is the determination of the
CKM matrix elements |V| via inclusive or exclusive
SL B decays, such as B— D*¢"v; or A) — A} v,. Pre-
cise measurements of absolute BFs of the D(()s(; ' and A}
decays (Sec. 5.3.1) are crucial for improvement of the
[Ve(wyp| measurements.

Due to the interference effects between the CF and
DCS contributions, BFs of D¢, — KYX and D, — K)X
are not expected to be equal. The recoil-mass method, or
that developed in Ref. [86], allows an efficient recon-
struction of Dy, — KX decays at BESIII. A difference of
about 10% was observed in D°— K{ 7 decays at
CLEO-c [86], and was confirmed at BESIII [87]. The
two-body decays D — Kg’LX X =7%n,17,w, ¢) are ex-
pected to have an asymmetry under the same mechanism
[88], which can be tested with the current (3770) data,
but the uncertainties will be dominated by the statistical
uncertainties. Furthermore, measurements of these modes
are of interest for understanding the width difference in
the neutral D system [89]. With 20 fb" and 6 fb ' of data
taken at /s = 3.773 and 4.178 GeV, these measurements
will be performed with a much better precision.

5.3 Charmed baryons

5.3.1 A} physics

Studies of charm baryons have been ongoing since
1975 [90], and all ground states of singly charmed bary-
ons, as well as some excited states, have been observed.
The constituents of the lightest charmed baryon (A}) are

one diquark (u#d) and one heavy charm quark (c), where,
relative to the heavy quark, the light diquark is in a net
quantum state of spin zero and isospin zero. In a naive
spectator model, the A} decays dominate via the weak
amplitudes ¢ —» W*s and ¢ —» W*d at the leading order,
which leads to a simpler theoretical description in non-
perturbative models than in the case of charmed mesons.
Hence, studying the A} decays allows a deeper under-
standing of the strong and weak interactions in the charm
sector, which is complementary to that provided by
charmed mesons. In addition, A} is the cornerstone of the
charmed baryon spectra. Improved knowledge of the A}
decays is essential for the studies of the whole charmed
baryon family. Furthermore, this knowledge will provide
important information for the studies of beauty baryons
that decay into final states involving A/.

Compared to the significant progress in the studies of
charmed mesons (D D*, and D}) in both theory and ex-
periment, the advancement of our understanding of
charmed baryons has been relatively slow during the past
40 years. Until 2014, no absolute measurements of the
decay rates of A} had been performed, with almost all
rates measured relative to the normalization mode
A — pK~n*, whose BF suffered from a large uncer-
tainty of 25%. The overall situation changed since 2014,
when BESIII collected a data set for e*e™ annihilation at
vs = 4.6 GeV with an integrated luminosity of 567 pbfl.
At this energy, the AFA] pairs are produced in pairs with
no accompanying hadrons. The total number of AYA;
pairs produced was approximately 100,000. This
threshold data set provided a clean environment to sys-
tematically investigate the production and decay of Af.
Precise BF measurements of A} — pK~n" were reported
by Belle [91] and BESIII [92]. The combined precision of
the A} — pK~n* BF is 5.2%, a five-fold reduction with
respect to the previous result. In addition, more analyses
were made at BESIII, Belle, and LHCb. At BESIII, a
series of BF measurements have been reported, including:

e absolute BF measurement of A7 — Af*v, [93, 94],
which motivated the first LQCD calculation of this chan-
nel [95];

e absolute BF measurements of 12 Cabibbo-favored
(CF) decays of A [92], including A} — pK?, pKn*,
ngﬂ'O, ngﬂJrﬂ’, Ant, Antn®, Antatae, pK-nta®, X0nt,
>0, Tt ata~, and T w;

e studies of singly-Cabibbo-suppressed (SCS) de-
cays A} — pntn~, pK*K~, pn, and pn° [96, 97];

e observation of modes with a neutron in the final
state, A} — nKor* [98] and -t 770 [99].

e measurements of the absolute BFs of AY — Z0K™,
=0+ [100], £*np and =+’ [101].

e studies of inclusive AX decay [102] and inclusive
electronic decay [103].

Although much progress has been made since 2014,
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the knowledge of A} decays is still very limited in com-
parison with charmed mesons. Firstly, only a single SL
decay mode A¢*v, has been observed. Secondly, the DCS
modes have not been systematically studied. Thirdly, the
known exclusive decays of A} account for only about
60% of the total BF. Many channels are still unobserved.
In particular, information about the decays that involve a
neutron is minimal, considering that such decays should
account for nearly half of the A} decay rate. A thorough
investigation of these channels requires a much larger
data set taken in the low-multiplicity environment and
obtained at the threshold in e*e™ collisions.

5.3.2 Prospects in A} physics

The approved energy upgrade project of BEPCII will
increase the collision energy to 4.9 GeV. Together with
the commissioning of the top-up mode, we will be able to
take 5 fb ' of data at 4.64 GeV, which corresponds to the
energy of the expected peak of the cross-section for ATA_
pairs. This data set will have more than 16 times the stat-
istics of the current BESIII data set at 4.6 GeV, and will
allow to improve the precision of A} decay rates to a
level comparable to the charmed mesons, as listed in Ta-
ble 5.5. In addition, it will provide an opportunity to
study many unexplored physics observables related to A}
decays. In particular, this advance will boost our under-
standing of the non-perturbative effects in the charmed
baryon sector.

A larger data set will guarantee the first absolute
measurement of the form factors in the SL decay
Al — Al*vp, which is crucial for calibrating the various
theoretical calculations. Besides A} — A¢*v,, more SL

Table 5.5.
for 5 fb ' of data at /s = 4.64 GeV.

modes can be identified, as listed in Table 5.6. Accord-
ing to the predicted rates in model calculations, the new
CF modes A} — pK~e*v, and Zre*v, will be established
for the first time with the double-tag technique. For the
SCS mode, studying A} — ne*v, will be challenging due
to the presence of two missing particles in the final state
and the dominant A7 — Ae*v, background. However, we
still have the opportunity to identify the decay by taking
advantage of the well constrained kinematics, the clean
reaction environment and the neutron shower informa-
tion inside the electromagnetic calorimeter. Moreover,
another SCS mode A} — pn~e*v, can be searched for in
the enlarged data set.

The hadronic weak decay of a single charmed baryon
is expected to violate parity conservation. For instance,
the two-body decay A} — An" proceeds via a W-interac-
tion, ¢ > W* + 5, in which parity is not conserved. A and
7" particles are allowed to be in S- or P-wave states. The
effects of parity violation are determined from the polar-
ization of the charmed baryons, which is characterized by
the angular distribution of A in the A} rest frame, and has
the form % oc 1 +@arcoss, Where ap, is the decay
asymmetry parameter [110, 111]. In addition, the decay
asymmetry allows discrimination between different theor-
etical models, as listed in Ref. [111]. Some decay asym-
metry parameters, e.g. aar for A} — An*, azp for
A =229 and az . for 0 — Z7 7%, have been studied
previously, but with limited precision [2]. Therefore, im-
proved measurements are desirable, as they will shed
light on the decay mechanism and allow searches for CP
asymmetries in the charmed baryon sector. In addition,

Measured or projected precision of charmed hadrons, with the relative precision in parenthesis. For the future A} precision, it is estimated

Leading hadronic decay

Typical two-body decay

Leading SL decay

B(K pnt)=
2014: (5.0+1.3)% (26%)

B(Kgp) =
2014: (1.240.3)% (26%)

B(Aetv,) =
2014: (2.1£0.6)% (29%)

AS
¢ 2017(w/ BESIII): (6.35+0.33)% (5.2%) BESIII: (1.52+0.08)% (5.6%) BESIII: (3.63£0.43)% (12%)
5198 2% 5 28 <% 51b '8 ~3.3%
Do B(K~7*)  =(3.89+0.04)% (1.0%) BKIn) =(1.19£0.04)% (3.4%) B(K™e"v,) =(3.53+0.03)% (0.8%)
D* B(K~ ™) =(8.98+0.28)% (3.1%) BKIr™) =(1.47£0.08)% (5.4%) B(Ketv,) =(4.4120.07)% (1.5%)
D BK~K*n*) =(5.45+0.17)% (3.8%) BKOK) =(1.40+0.05)% (3.6%) B(pe've) =(2.39+0.23)% (9.6%)

Table 5.6. Expected rates of the SL modes and estimated precision for 5 fb"' of data at Vs =4.64 GeV.

Mode Expected rate (%) Relative uncertainty (%)
+ +
AZ = AlTve 3.6 [95,104] 33
+ * p+
A > A v 0.7 [105,106] 10
A} — NKetv, 0.7 [105] 10
A} > Znlty, 0.7 [105] 10
+ +
Ac o netve 0.2 [104,107.108]; 0.4 [109] 17
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other decay asymmetry parameters in A} — Z%x*, pK°,
and 20 — E-n* can be accessed. Based on the sensitivity
obtained with the current BESIII data set, a 16x larger
data set would result in an approximate precision of 4%
and 6% for measuring aa,- and aso,-, respectively.

The weak radiative decay A} — yX* is predicted to
have a BF of 10 ° to 10 *. The new data set will push the
experimental sensitivity to 10>, which provides an op-
portunity to measure this process for the first time.
Moreover, the SCS radiative decay Al —yp can be
searched for.

We will have better sensitivity to explore the SCS
modes, which at present have limited precision or have
not been studied before. Meanwhile, more modes with a
neutron or ¥~ in the final state can be accessed. This will
significantly enhance our knowledge of the less well
known decays, and will allow improved studies of
A} — pn®, and first searches for nn* and nK*.

Thorough analysis of the involved intermediate states
can be carried out in the decays to the multi-body final
states. This can be achieved by implementing amplitude
analyses of the copious hadronic decays, such as
Al — pK~n*, ngﬂo,ngﬂ+7T_, Artn® Antata, pK nta,
and X*n*n~. From these analyses, additional two-body
decay patterns of A} — B:P and B:V can be extracted.
Here, B: and B: denote baryon states with isospin % and 1,
respectively. Also, A} decays act as an isospin filter, and
provide a good opportunity to study the light hadron
spectroscopy, such as the study of A* and scalar meson
states via the weak decays Al — Xan, NKn, and An'tp
[112-115].

5.3.3 ZX.and E, physics

Above 4.88 GeV, the X, baryon can be produced via
ete” > X A7 The width of 2% has been determined
by Belle, while only an upper limit on the width of X}
was determined. BESIII will provide an improved width
measurement of £} via the dominant decay X} — Afn®,
which is useful to test the overall understanding of the de-
cay dynamics. Moreover, BESIII can also search for the
decay £. — Ay, which is theoretically expected to occur
with a BF of approximately 1%. Above 4.74 GeV, the
sum of the A} and X} masses, the isospin-violating EM
reaction ete” — X A7 occurs. It is interesting to measure
its cross-section near the threshold, whose ratio to the
cross-section of ete” — AYA; will provide insight into
the vacuum production of ¢¢ and s5 pairs. In addition, it is
possible to study the X, baryon pair production at 4.91
GeV via ete” — Z.X.. Relative to the production rate of
ete” — AT A7, one can explore the mechanism of generat-
ing ‘good’ spin-0 and ‘bad’ spin-1 u-d diquarks inside A,
and X, respectively, near the threshold.

For the charmed baryons E and =7, the relative un-
certainties of the measured BFs are large, and most of the

decays have not yet been studied experimentally [2].
Belle performed the first measurements of the absolute
BFs of the 20 and E} decays in B~© — AZ20" [116,

117]. They are given as:

BE? — =7 = (1.80+0.50 £ 0.14)%,
BE? — AK~ %) = (1.17£0.37 £ 0.09)%,
BE? — pK K 7) = (0.58 £0.23 £ 0.05)%,
BES - Enrnt) =(2.86+1.21 £0.38)%,
BES - pK7n*)=(0.45+0.21 £0.07)%.

So far, their statistical uncertainties are about
30%~40% and the systematic uncertainties are about
10%. The statistical uncertainties can be suppressed to
about 5% at Belle II with a 50 times larger data set by
2025. However, there is less potential for improving fur-
ther the systematic uncertainties. Hence, the overall un-
certainties will be below 10%.

If the cms energy of BEPCII is increased above 4.95
GeV, which is just above the mass of =, pairs, we will be
able to perform absolute BF measurements of 2. decays
in the same fashion as is done for A}. If we assume that
the production cross-sections of e*e™ — AJA7 and E.E,
are similar near the mass threshold, the precision at BE-
SIII is expected to be competitive or superior to the Belle
II result, depending on the modes. The absolute BF meas-
urements with high precision would be extremely useful
as input for studying the b-baryon decays [53]. Further-
more, many of the missing hadronic and SL decays of =,
could be studied for the first time. The data set taken at
this energy could also be used to study the triplet states
T, 2F and 20,

5.3.4 The EM structure of charmed baryons

As discussed in Chapter 4 of this White Paper, the
BESIII experiment is perfectly suited for precision stud-
ies of the hyperon structure. The upgrades of BEPCII
open new avenues to study single-charm hyperons. In this
section, we discuss these possibilities and the prospects of
performing tests of CP violation in hyperon decays.

Let us consider a hyperon-antihyperon pair Yy, where
Y and ¥ have spin 1/2, produced in e*e™ annihilation. The
differential cross-section can be parametrized in terms of
the electric and magnetic form factors, Gg(¢?) and
G u(g?), which are related to the helicity flip and non-flip
amplitudes, respectively. They are linear combinations
constructed from the Dirac and Fermi unconstrained form
factors F; and F,: Gg = F1 + F» and Gg = F| + 7F», where
=L and my 18 the Y mass. The differential cross-sec-

4m>
tion can be expressed as
do
1+7ncos’0, 5.8
dcosé o1 Tneos (5:8)

where 6 is the polar angle of A} in the e*e™ center-of-
msss system, —1 <7 <1 and is related to the form-factor
ratio R = |Gg /Gy in the following way

040001-76



Chinese Physics C  Vol. 44, No. 4 (2020) 040001

1_
R= 7 ﬁ (5.9)

The form factors are complex in the time-like region, i.e.
they can be written as Guy(g®) = |Gu(gH)le'®™ and
Ge(g?) = |Ge(g?)le'®, from which the relative phase can
be defined as A® = & —®;,. This non-trivial relative
phase has an impact on spin projections and spin correla-
tions of the produced hyperons, and could be detected ex-
perimentally via the weak decay of hyperons.

The challenge in the studies of charmed baryons is the
lack of prominent decay modes with large BFs. All two-
body decay channels have a BF of (1-2)% [2]. Con-
sequently, even a large data set yields only a few hun-
dred reconstructed events per channel. In particular, only
the single-tag method can be applied to produce an ad-
equate sample.

The most straightforward mode to study A polariza-
tion is the A} — K{ p channel. The formalism outlined in
Ref. [118] can then be used, adapted for single-tag
A} — K p measurements by integrating over the antipro-
ton angles:

W(E) =4n(1 +5c0s* 0+ ak, \J1=72sin(AD)

(sinfcosfsiné, singy)), (5.10)

where £ is a vector of the involved parameters and vari-
ables, 0 is the polar angle of A} in the e*e™ center-of-
msss system, 6; (¢1) is the solid angle in the A} (A) heli-
city system, and ag, is the decay-asymmetry parameter.
The disadvantage is that the decay asymmetry ag»,, is not
known, so only the product ak,sin(A®) can be determ-
ined. However, if one studies sequential decays, such as
Al — An*,A — pn~, by using the formalism outlined in
Ref. [119], the asymmetry parameters 8 and y are also
accessible.

A measurement [120] of A® has been made using a
data set collected by the BESIII detector at /s = 4.6 GeV
(corresponding to 7 =1.012) with an integrated luminos-
ity of L = 0.6 fb~!. The value reported is sin(A®) = —0.28+
0.13+0.03. It is expected that the phase initially in-
creases with an increase of +/s, but the most important
improvement should come from larger statistics. There-
fore, this motivates a high statistics study of the process
ete™ — A A7 at the energy with the highest yield of A..
In particular, the reaction has a maximum cross-section at
about 4.64 GeV, as expected from the Belle data. This en-
ergy corresponds to a kinematic factor of 7 = 1.034.

Another interesting study of the A} form factor would
be with a kinematic factor of approximately 7= 1.058,
which is where the BESIII measurement of A was made
and yielded the result A® = (37+12+7)°. Such a meas-
urement would enable the first complete extraction of the
EM form factor of a charmed hyperon, thus shedding
light on the role of strangeness and charm in the hadron

structure, and would provide a systematic comparison
with the strange partner.

Several three-body decay channels have BFs five to
seven times larger than the two-body decays [2]. In Ref.
[121], it was found that for an integrated luminosity of
567 pbf1 , the number of tagged A} — pK~7* was around
3000, and similarly for the charge-conjugate A, —
pK*n~. It may therefore be a better strategy to construct
an angular observable for a three-body decay that is sens-
itive to the EM phase A® [118, 122, 123]. With the data
set proposed, such strategies can be pursued to give com-
plementary measurements of A®.

Tests of CP violation can be made for two-body de-
cays of charm hyperons as for strange hyperons. Suitable
observables for CP tests have been derived, e.g. in Ref.
[124]. These asymmetries have in common the asym-
metry parameters measured separately for A7 and A_,
which can be done with the proposed large data set above
the production threshold.

5.4 Summary

In this chapter, we have presented the physics studies
that are possible with data sets corresponding to integ-
rated luminosities of 20 fb ' at /s = 3.773 GeV, 6 fb ' at
V5 =4.178 GeV, and 5 fb ' at v/5s = 4.64 GeV. These cms
energies correspond to the optimal values to accumulate
samples of DD, D:* Dy, and A} A events at threshold, re-
spectively. Such samples allow a double-tag technique to
be employed, as the full event can be reconstructed even
if it contains one undetected particle such as a v or K?
meson. These samples provide a unique environment to
measure the absolute BFs of charmed hadrons to leptonic,
SL and hadronic final states, with very low levels of
background. Such measurements provide rigorous tests of
QCD, CKM unitarity and LFU that complement similar
studies of beauty hadrons. Furthermore, 20 fb ' of data of
coherent (3770) — D°D° events allow measurements of
the strong-phase difference between p° and PO that is an
essential input for determining the UT angle y in a mod-
el-independent way from B decays at LHCb and its up-
grades, as well as at Belle II. The strong-phase difference
can only be determined to the required level of precision
using such a data set. In addition, the strong-phase meas-
urement is an important ingredient of the model-inde-
pendent measurements of p°PHP mixing, and of searches
for indirect CP violation in p° decay. Finally, additional
studies of charmed baryons can be performed related to
their electromagnetic form factors. If the BEPCII cms en-
ergy is upgraded, studies can also be made of the abso-
lute BFs of X. and =.. Table 5.7 presents the precision
prospects of some key measurements of pO+), DY, and A}
based on the proposed data set, and a comparison with
Belle I1.
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Table 5.7. Prospects of some key measurements at the future BESIII, with a comparison with Belle II. ‘NA’ means ‘not available’ and ‘=’ means ‘no
estimation’.
Observable Measurement BESIII Belle 11
B(D* — *y) Jo+Vedl 1.1% 1.4%
B(Dt — () SprVesl 1.0% 1.0%
A — K*v)/dg? FEO)IVesl 0.5% 0.9%
dr(D"*) — nt*v)/dg? FHO)Veal 0.6% 1.0%
dr(oy - nl*v)/dg? FIOVesl 0.8% _
Strong phases in P00 Constraint on y <04° N/A
AL Pk B 2% 3%
Al - ATy B 339 _
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Chapter 6
Exotic Decays and New Physics

6.1 Introduction

With the discovery of the Higgs boson in 2012, the
Standard Model (SM) has been firmly established.
However, there are many compelling reasons to believe
that SM is not the ultimate theory, and the search for
physics beyond SM is well motivated.

There is strong synergy between direct and indirect
searches for New Physics (NP). To identify possible NP
paradigms, results from both low energy -electron-
positron colliders and high energy hadron colliders are
needed [1]. Studies performed at electron-positron col-
lider experiments such as BESIII may indicate hints of
NP that could be directly probed at an energy frontier ex-
periment, or even make some discoveries directly.

With high luminosity, clean collision environment,
and excellent detector performance, the BESIII experi-
ment has a great potential to perform searches for NP.
BESIII has already published some NP search results
based on the existing data sets. There are still some
unique opportunities worth exploring. In general, NP
searches at BESIII could be classified into three broad
categories, which are discussed in this chapter:

1. Processes that are allowed in SM.

NP searches of this type include testing the relations
among SM-allowed processes that are known to hold
only in SM, but not necessarily in models beyond SM.
Some examples have been discussed in depth in previous
chapters, such as testing the CKM triangle relations, pre-
cision measurement of D, = ¢v (¢ =d, s; { =e, u, T), pre-
cision QCD tests, etc. We focus on some additional top-
ics, such as weak decays of charmonium states in Sec.
6.2.1, and rare radiative and rare leptonic decays of D
mesons in Sec. 6.2.2.

2. Processes that are forbidden in SM at tree level.

Processes that involve flavor-changing neutral cur-
rent (FCNC) interactions, which change charm quantum
number by one or two units, do not occur in SM at tree
level. However, these transitions can happen in SM at
loop levels, which makes them rare. Such processes can
receive NP contributions from the tree-level interactions
mediated by new interactions and from the loop correc-
tions with NP particles. Inclusive and exclusive trans-
itions mediated by ¢ — uy or ¢ — utf are discussed in
Sec. 6.2.2. Searches for violation of CP and other sym-
metries in baryon decays and in pOpY mixing are dis-
cussed in Sec. 6.3. Charged lepton flavor violation de-
cays are discussed in Sec. 6.4.

3. Processes that are forbidden in SM.

Some processes, while allowed by space-time sym-
metries, are forbidden in SM. Even if allowed by NP,
searching for these signatures requires high statistics.
Their observation, however, would constitute a high-im-
pact discovery, as it would unambiguously point towards
physics beyond SM. Examples include searches for the
baryon number-violating transitions, discussed in Sec.
6.3.2 and Sec. 6.3.3, and the lepton number violating de-
cays, covered in Sec. 6.4.4. Many well-motivated NP
models predict the existence of light, weakly-interacting
particles. Since such light particles are not part of the SM
particle spectrum, the corresponding processes do not oc-
cur in SM. Such processes, which involve invisible signa-
tures, are discused in Sec. 6.5. Some further searches at
the off-resonance energies, where the electron and
positron are not tuned to the s-channel resonance produc-
tion of charmonium states, are discussed in Sec. 6.6.

With the accumulation of large data sets and possible
increase of luminosity and cms energy, as well as an
ever-improving understanding of the detector perform-
ance, BESIII will have a great potential for NP searches
in the coming years.

6.2 Rare decays of charmonia and charmed hadrons

Experiments at the energy frontier may be able to
probe NP via direct production of new particles. The new
degrees of freedom could affect low energy observables.
Experiments at the intensity frontier can probe the new
virtual contributions via decays of charmonia and
charmed hadrons, making them complementary to direct
searches at the energy frontier.

6.2.1 Weak decays of charmonia states

The decays of y(nS) (n=1, 2) below the open-charm
threshold are dominated by the strong or electromagnetic
interactions where the intermediate gluons or virtual
photons are produced by c¢ annihilation. However, fla-
vor-changing weak decays of these states via virtual W
bosons are also possible in the SM framework. For in-
stance, the branching fractions of J/y inclusive weak de-
cays are estimated to be of the order of 107° [2]. As men-
tioned in Refs. [3-6], the branching fractions of
J/w — D(D)X (with X denoting any hadron) can be en-
hanced by new interactions. Several NP models, such as
the top-color model, the minimal supersymmetric stand-
ard model (MSSM) with R-parity violation and the gener-
al two-Higgs doublet model (2HDM), allow y(nS) flavor-
changing processes to occur with branching fractions
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around 1076 [3,4]. The observation of an anomalous pro-
duction rate of ¥(nS) weak decays would be a strong hint
of NP.

With the newly accumulated 10'° J/y events, we ex-
pect to improve the branching fraction measurements of
w(nS) weak decays, including the hadronic and semi-
leptonic weak decays, by almost one order of magnitude.
These measurements will provide a more stringent exper-
imental test of SM than previous searches, and hence fur-
ther constrain the parameter space of NP models. These
weak decays can also be searched for in the expected
3 x 10° y(3686) events.

Y(nS) — D P/ D, V| D)V

Several theoretical calculations of the branching frac-
tions of two-body hadronic weak decays J/y —
DyP/D)VID{,V, where D represents a charmed meson,
and P and V are pseudoscalar and vector mesons, are
summarized in the last column of Table 6.1. The charge
conjugate states are implicitly included.

The BESII experiment searched for the hadronic de-
cays J/y — D;n*, J/y — D™ n*, and J/y — D°K® and set
upper limits of the order of 107 ~ 107> using a sample of
5.8x 107 J/y events [11]. BESIII searched for the rare de-
cays J/y — D;p* and J/y — D°K*® with a sample of
2.25x 108 J/y events [12]. No signal was observed, and
upper limits at the 90% C.L. were set on the branching

Table 6.1.
J/Y — D5)P, D)V and D:s)V.

fractions, B(J/y — D;p*)<1.3x107 and B(J/y —
D°K*9) <2.5x 107, These results are several orders of
magnitude above the SM predictions and can be im-
proved with larger data sets. The expected sensitivity
with a sample of 10'° J/y events are estimated in the third
column of Table 6.1.

Y(nS) = Do)l*v/D; I

Semi-leptonic decays of y(nS) mesons are induced by
weak transitions ¢ — s or ¢ — d via a virtual intermediate
W boson. Theoretical calculations predict the branching
fractions of J/y — D'y and J/y — DIy to be at the
level of 10~° and 10719, respectively, by using QCD sum
rules [8], the covariant light-front quark model [9], and
the covariant constituent quark model [13]. It is therefore
interesting to search for semi-leptonic weak decays of
Y(nS) states in high intensity and low background experi-
ments.

The BESII experiment searched for several semi-
leptonic weak decays of J/y. Using 5.8x 107 J/y decay
events, the upper limits at the 90% C.L. for
B(J /Yy — Dietv) and B(J/y — D e*y) were found to be
3.6x107 and 1.2x 1073, respectively [14]. BESIII has
searched for the decay J/y — D;e*v/D;"e*v with a much
higher sensitivity than previous analyses, based on a
sample of 2.25x 10% J/y events [15]. At the 90% C.L.,
the upper limits were determined to be B(J/y —

Predicted branching fractions and expected sensitivities with a sample of 10! J/y events of two-body hadronic weak decays

Decay type Example exp. sensitivity(x1070) predicted B [7-10](x10710)
cos D5 P JI — Dyt 9.9 2.00~8.74
J/w — DK 13.0 0.36~2.80
DV JIy — D;p* 2.0 12.60~50.50
J/y — DOK*0 0.38 1.54~10.27
DV JIy — Dy p* 1.7 52.60
c—d D) P JIy — D;K* 9.8 0.16~0.55
JIy — Dt 0.21 0.08~0.55
J/w — D 0.72 0.016~0.070
Jjy — D 0.25 0.003~0.004
J/y — D0 0.48 0.024~0.055
D)V JIy — Dy K+ 54 0.82~2.79
Jy — D p* 0.35 0.42~2.20
J/y — DO 0.77 0.18~0.22
J/y — Dw 0.35 0.160.18
J/y — D% 0.22 0.41~0.65
DV JIy — D K** 45 2.6
JIy — D p* 0.083 2.8
JIy — DK+ 0.027 9.6
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D;e*v)<13x10° and B(J/¢ — D etv) < 1.8x107°,
Both are consistent with the SM predictions, but can be
improved with more data.

Y(nS) — DO~/ D0y

The rates of ¢ — u transitions of ¥(nS) are predicted
to be tiny in SM [3,16]. However, some NP scenarios al-
low larger FCNC transition rates. For example, Ref. [3]
argues that the branching fraction of J/y — DX, (where
X, denotes mesons containing the u quark), which is me-
diated by the ¢ — u quark transition, could be enhanced
and to be of the order of 107%—107°. Thus, an observa-
tion of FCNC in the low-lying charmonium decays would
indicate NP.

In practice, it is difficult to isolate pure ¢ — u medi-
ated transitions from ¢ — s and ¢ — d in hadronic weak
decays of the type y(nS) — D™X,. Instead, theoretically
(relatively) clean semi-leptonic or radiative rare decays
Y(nS) — DO~ and y(nS) — Dy shouldbe em-
ployed. The energy distributions of the final state photons
or lepton pairs could be used as kinematic constraints to
identify these decays.

6.2.2 Rare radiative and rare leptonic Dy, decays

The decays of D mesons that are mediated by quark-
level FCNC transitions ¢ — uy (rare radiative) and
¢ — utt (rare leptonic and semi-leptonic) only proceed at
the one loop level in SM. The absence of a super-heavy
down-type quark in SM implies that Glashow-Iliopoulos-
Maiani cancellation mechanism is very effective, making
the charm sector of special interest for probing NP. The
predicted short-distance (SD) contributions in SM of
FCNC in the charm sector are well beyond the sensitivity
of current experiments. Yet, theoretical estimates suggest
that the rates of FCNC processes could be enhanced by
long-distance (LD) effects by several orders of mag-
nitude.

There are a number of interesting FCNC processes in
the charm sector. Such examples include D — h(h’)¢¢ and
D — hvv, where h represents light hadron states and ¢ is a
charged lepton. Such decays could be interesting probes
of NP, especially in light of the renewed interest in lepton
flavor universality (LFU) studies in B decays. While the
SM interactions in general respect LFU, recent experi-
mental observations (see, e.g., [17]) show hints of LFU
violation in rare semi-leptonic decays of B mesons. The-
oretically, such violation could come from new lepton-
flavor non-universal interactions [18], which might also
be detectable in D-decays [19]. Such interactions might
also induce lepton-flavor violating effects [20] (see sec-
tion 6.4), although this depends on a particular model of
NP.

Even though the charm production rate in e*e™ colli-
sions near the charm threshold is lower than at hadron
colliders and B-factories, BESIII has the benefit of lower

multiplicity and the ability to impose powerful kinematic
constraints, which can deliver high purity final states with
invisible energy or photons.

Rare radiative decays (such as D — py) are most
likely dominated by the LD SM contributions, which are
quite difficult to compute [21-23]. Yet, there are oppor-
tunities to study NP effects in rare radiative transitions.
These include a possibility that NP dominates the SM sig-
nal at least in portions of the available phase space [24],
using particular combinations of radiative transitions
[25], including CP-violating asymmetries [26,27], or by
studying photon polarization patterns [28] that could be
more sensitive to NP contributions.

Two-body rare decays with charged leptons

The simplest rare leptonic decays, such as D° — £+¢-,
have a very small SM contribution (both SD and LD),
and they are potentially very clean probes of NP amp-
litudes. In this section we concentrate on the lepton-fla-
vor conserving decays.

Experimentally, there exist at present only upper lim-
its on the D° — ¢*¢~ decays [29]. Theoretically, all pos-
sible NP contributions to ¢ — uf*¢~ can be summarized in
the effective Hamiltonian,

10
HE = Ciw i, (6.1)
i=1
where C; are Wilson coefficients, and 0; are the effective
operators. In this case, there are ten of them,
01 = (Coyuls) @ry'er),  Oa = (rly) (gey),
0> = (bryulr) Ury'cr), Qs = (Crolr) (Ugo*cy)
03 = (£1lr) (iger) »

(6.2)
and five other operators Qg,---, Q1o that can be obtained
from the operators in Eq. (6.2) by the substitutions 7. — R
and R — L. It is worth noting that only eight operators
contribute to D°— £F¢7, as (£+7|Qs|D°) = (7|00l
D) =0. The most general D° — ¢*¢~ decay amplitude can
be written as

M=i(p-,s-)[A+Bys|v(p+,54), (6.3)
which results in the branching fractions
Mp 4m§ 4m? 5 )
Bprorr = oy [1= L || 1= L [|AP + 1B . (64
Dot = s " M%'l 1Bl (6.4)

Any NP contribution described by the operators of Eq.
(6.2), gives the amplitudes 4 and B,

foM? . . .
Al= G2 G35+ Caso
c

Jo

(6.5)
s g M2, 8
|B| = GZ [me (lez + C6—7) + . <C473 + C98)] ,

with C;i_; = C;—C). Any NP model that contributes to
D — £*¢~ can be constrained using the constraints on the
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Wilson coefficients in Eq. (6.5). It will be advantageous
to study the correlations of various processes to isolate
and constrain the NP contributions [30,31]. Such correla-
tions exist, for instance, in P°PH° mixing and rare decays
[30]. In general, the rare decay rate can not be predicted
just on the basis of the mixing rate, even if both xp and
Bpoe¢- are dominated by a given NP contribution.
However, this is possible for a restricted subset of NP
models [30]. Predictions of the D°— u*u~ branching
fraction for xpof about 1% can be found in Ref. [30] to-
gether with the definitions of NP model parameters.
Three-body rare decays with charged leptons
Theoretical predictions of the decay rates of di-lepton
modes such as D — h(h')e*e” are complicated due to the
LD contributions. The rates with a lepton-pair mass in the
non-resonant regions could provide access to NP [31-34],
at least for some particular BSM models. Table 6.2 gives
some interesting D — h(h’)ete” modes that can be stud-
ied at the BESIII experiment. The corresponding experi-
mental upper limits on the branching fractions are also
summarized. In a recent BESIII paper [35], some of the
limits have been improved by several orders of mag-
nitude. With more data in the future, we expect to im-
prove these limits. Some new modes could also be
probed, depending on the background of a given mode.
The expected BESIII sensitivities with the expected final

charm data set listed in Sec. 7 are also shown in the last
column of Table 6.2.
Three-body rare decays with neutrinos

Neutral modes, such as D° — 7%¥, have never been
studied at the charm threshold before. It is possible that
the LD SM effects are under better theoretical control in
such transitions [23]. Belle reported a similar search for
the rare decays B — h®)vv [38], and BaBar searched for
B’ - yvy [39]. With the 20fb-! data sample at
Vs =3.773 GeV, the sensitivity of the B(D° — 7°v¥) meas-
urement at BESIII could reach 10~* or better.

Radiative decay modes D’ — yvv serve as physics
background to searches for light Dark Matter (DM), as
described in Sec. 6.5.1. This transition has an extremely
small branching fraction of B(D° — yvv)=3.96x 1071
in SM [40], making the final state of a photon with miss-
ing energy a suitable topology for searches for light DM
at BESIII.

6.3 Symmetry test in hyperon decays

The Sakharov conditions for baryogengesis underline
the role of CP violation as one of the central pieces of the
matter-antimatter asymmetry puzzle [41]. However, the
CKM mechanism for CP violation in SM fails to fully ex-
plain the puzzle of the matter-antimatter asymmetry by
more than 10 orders of magnitude [42]. This suggests that

Table 6.2. The latest experimental upper limits on the branching fractions (in units of 107°) of the rare D and D decays into h(h')e*e™. The expected

BESIII sensitivities with the expected final charm data set listed in Sec. 7 are also shown in the last column.

Decay Upper limit Experiment Year Ref. BESIII Expected

D0 — r0¢*e” 0.4 BESIII 2018 [35] 0.1
DY —nete 03 BESIII 2018 [35] 0.1
D’ - wete” 0.6 BESIII 2018 [35] 0.2
D= Kgete 1.2 BESIII 2018 [35] 0.5
DO — pete” 124.0 E791 2001 [36] 0.5
DO — gete” 59.0 E791 2001 [36] 0.5
DO — K*0¢tem 47.0 E791 2001 [36] 0.5
D’ - rtnete” 0.7 BESIII 2018 [35] 0.3
DY - K*K ete” 1.1 BESIII 2018 [35] 0.4
D° — K~ ntete” 4.1 BESIII 2018 [35] 1.6
Dt - ntete” 1.1 BaBar 2011 [37] 0.12
Dt - K*tete™ 1.0 BaBar 2011 [37] 0.46
Dt - rtnlete” 1.4 BESIII 2018 [35] 0.5
D* - r*Kjete” 26 BESIII 2018 (35] 1.0
D* — K)K*ete 1.1 BESIII 2018 35] 0.4
D* = K*n%*e™ 1.5 BESIII 2018 [35] 0.6
Dt > rtete 13.0 BaBar 2011 [37] 70.0
Di - K*e'e 3.7 BaBar 2011 [37] 1.7
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additional, as yet undiscovered, CP violating processes

exist, which has motivated aggressive searches for new

sources of CP violation in b-quark decays and neutrino
oscillations [43]. CP violation in charm decay is very
small and had not yet been found until the discovery in

2019 at LHCb. LHCb finds a non-zero CP violation in

DY — n*n~ and D° — KK~ decays with a significance of

5.30. The time-integrated CP asymmetry is given as

I'D— K*K™)-T(D— K*K")

I'(D— K*K~)+T(D — K*K~)
I'D—-nan)-T(D—ntn)
I'(D—-natn)+T(D — ntn)

=(-0.154£0.029)%, (6.6)
where D(D) is a pY(DY) at time ¢ = 0 [44]. This result is at
the high end of the SM theoretical estimates which range
from 10~* to 1073, The LHCb result is intriguing, because
it may be a sign of the long-sought non-SM mechanism
of CP violation. However, uncertainties in the SM theor-
etical calculations of Aacp make it impossible to rule out
this possibility. The current BESIII level of sensitivity of

1073 ~ 1072 for charm meson CP violation is still more

than one order of magnitude above the highest conceiv-

able SM effects. In addition to charmed mesons, BESIII
has accumulated huge data samples of strange and
charmed baryons, thus providing a unique opportunity to
examine the strong dynamics of strange/charm decays,
which is another route to probe the phenomenon of CP
violation. In this section we briefly discuss strange/
charmed baryon decays and outline various paths to the
observation of CP violation and baryon number violation
(BNV).

6.3.1 Probing CP asymmetry in hyperon decays

BESIII has the capability of testing CP symmetry in
hyperon decays, produced via J/¢ — BB , with BB denot-
ing polarized, quantum-entangled hyperon pairs, which
adds an exciting new dimension to the study of CP viola-
tions.

A weak two-body decay of a spin one-half baryon un-
der charge and parity transformations is illustrated in Fig.
6.1 for the most prominent decay mode A — pn~. The
picture is in the A rest frame and the spin polarization
vector P, is pointing upwards. The daughter proton emit-
ted at angles 6; and ¢, with respect to the polarization
vector P, is transformed under CP into an antiproton
emitted at angles 7 -6, and —¢, with respect to the polar-
ization vector of the parent A. In addition, in the weak de-
cay the polarization of the final proton could have a trans-
verse component (along the p, x pa vector). For the anti-
proton, this component has an opposite direction.

Direct CP asymmetry

The most straightforward CP-odd observable is the
difference between the partial decay rate for the decay
and the CP-transformed process:

Aacp =

o
A Y
A Y
>
Q]
2
A Y
A Y
>l

P,

Fig. 6.1.  (color online) Illustration of the charge (C), parity
(P) and CP transformations in the A — pz~ decay.
r-r
A=——.
Ir+r
Furthermore, the parity violation in the hyperon decays
allows much more sensitive tests to be constructed. The
two-body nonleptonic weak decay 1/2 — 1/2+0 can be
described by the partial width T and decay parameters
a, B, vy:
2Re(S*P)
a=—--,
IS |2 +|P]2

(6.7)

2Im(S *P) .
B="2"" _ \[1-a2sing
IS |2+ PP Sne.

v=vV1-a?cos¢. (6.8)

Only two parameters are independent, and it is conveni-
ent to use a and ¢. The parameter @ has a simple inter-
pretation due to the asymmetry of the angular distribu-
tion of the daughter proton, given by
dr 1
@ o e (1+aPpcosby).
A comparison of the decay parameters of the hyperon and
antihyperon leads to sensitive tests of CP symmetry. The
CP-odd observables are
AT g
a—a

(6.9)

_B+B
B-B
Here, a corresponds to - in the A — pn~ decay, while @
corresponds to a, in the A — pa* decay. The quantity 8
can not be measured in the joint J/y — AA — pr~ pnt de-
cay. In general, the sensitivity of these asymmetries to CP
violation scales as A:A: B~ 1:10:100. The asymmetry
A has been studied in pp experiments and at e*e” col-
liders [45-48]. The present world average is
A =0.006+0.021, while the CKM mechanism predicts a

(6.10)
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value of A ~ 107 - 107* [49-51]. Predictions in scenarios
beyond SM are given in Refs. [52-54]. There also exist
dynamical calculations, shown in Refs. [55,56]. Experi-
mental prospects of CP-symmetry tests for the charmed
baryon by determination of « are discussed in Ref. [57].

At BESIII, J/y mesons are produced in the annihila-
tion of unpolarized electron-positron beams, and there-
fore the spin-density matrix of J/¢ depends only on the
scattering angle 6, between the electron beam direction
and the A momentum in the reaction cms system. The
helicity frames for the subsequent decay chains are
shown in Fig. 6.2.

Yy

N\
z

|
y
|
_ €+
A

_ , /
z ¥ T

\/

Fig. 6.2.  (color online) Definition of the helicity frames for
JIYy — AN — pr~prt.

The coherent production of A/A pairs from the decay
J/W — AA with subsequent weak decays of A and A is a
very simple spin-entangled quantum system where the fi-
nal state is specified by four real parameters summarized
in Table 6.3.

A recent BESIII study with 1.3x10° J/y events ob-
served a transverse spin polarization of A/A, and the
phase between the hadronic form factors was determined
[58]. The polarization effect is illustrated by dividing the
data sample into 50 cosf, bins and plotting the cosf, de-
pendence ofthemomentu(cosfy) = 1/N ng @) (sin ¢! sing' —
sing, sing), where N is the total number of events in the
data sample and N(6,) is the number of events in the
cosf bin. This dependence enables to extract simultan-
eously a_ =0.750+0.009+0.004 and a, =—0.758 +0.010
+0.007, and to calculate the most precise value of 4 as
—0.006 +0.012 +0.007, where a large value of the correla-
tion coefficient p(ay,a-)=0.82 is included in the
propagation of the statistical uncertainty.

New BESIII data with 10'° J/y events will enable an
improved measurement of the parameter 4. In the future
measurements, the systematic uncertainty will be signific-

antly improved since this simple system permits several
internal consistency checks. In the general case of two
spin one-half particles, we have 16 polarization and spin
correlation distributions to fully describe using only four
global parameters. In addition, the use of other monitor-
ing and calibration channels allows to determine inde-
pendent corrections for any bias. Also, if a similar polar-
ization is observed for other hyperons, then similar stud-
ies will be possible, e.g. for the = hyperon with its cas-
cade decays, B asymmetry tests would be possible.
The triple-product asymmetry

Apart from the above mentioned direct measurement,
we can also exploit the triple-product asymmetry as a CP-
violating observable. Studies of CP violation in the A and
other hyperon decays using this approach were proposed
in Ref. [59]. The direct CP-violating asymmetry Ag;. and
the triple-product asymmetry Ay depend on the weak
phase ¢ and the strong-phase 6 as:

Agir &« singsind, Ar o singcosd. (6.11)

The direct asymmetry only survives if there is a non-zero
strong phase, whereas the triple-product asymmetry with
the strong phase vanishes. Therefore the two methods are
complementary, particularly if the strong phase is un-
known.

The triple product is defined as v - (¥, xV3), where v
can be a three-momentum or a spin vector. Under time re-
versal the triple product changes sign, and thus it is a 7-
violating signal. However, final-state interactions (FSI)
can give a false CP-violation signal. As a result, a chan-
nel must be compared to its conjugate. For an illustration
of this point, we refer to Refs. [60,61]. Such considera-
tions have led to the corresponding proposal for BESIII
[62,63], as well as in beauty decays [64-68], and in the
search for NP effects [69,70].

We illustrate the method with the process ete™ —
J/y — AN — [pr~][pr*]. This process is transformed to
itself under charge conjugation. Since the polarization of
the proton and antiproton is not measured, we have four
independent vectors to construct triple products. Two of
them are k and p, — the three-momenta of incoming elec-
tron and outgoing A in the reaction cms frame. The re-
maining ones are ¢; and ¢, — the momenta of the proton
and antiproton in the A and A rest frames. For example,
defining C7 = (pa X q1)-pa, and Cr = —(pa X q2) - pa, We
can define the following triple-product asymmetries

Table 6.3. List of kinematic variables (helicity angles) and parameters used in the analysis of the decay chain.

Decay Coordinate system Helicity angles Parameters
Iy — AN cms (NN ay, AD
A — pn~ (x, ¥, 2) (61,91 a-
A - prt (5.2 (62.42) @y
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_ N(Cr>0)-N(Cr <0)

Ar = >0 TN Cr <0)’ 6.12)
- N(-Cr >0)-N(-Cr <0
(Apy = ( T ) — N( T ) . 6.13)
N(-Cr >0)+N(-Cr <0)
Therefore, CPT invariance implies that
Ar ={Ar)— (A7) #0 (6.14)

is a CP-odd observable, which can be measured simply
by event counting. Another triple product is (g1 X g2)- pa,
related to the C,; —C,;z spin correlation term. This last
triple product allows to improve the limits on the A elec-
tric-dipole moment dj, as discussed in Refs. [71,72].

The CP asymmetries can also be studied locally as a
function of the kinematic variable cosf,, limiting the
range of the triple-product values:

N(Cr > |d|) - N(Cr < —|d])
N(Cr >1d)+N(Cr < —ld)’

By considering the efficiency of the BESIII detector,
the number of observed events and the corresponding
statistical errors for various channels were estimated. The
expected sensitivity with 10'° J/y events is shown in Ta-
ble 6.4.

A wide range of CP tests in the hyperon sector can
also be performed in a single measurement of the spin en-
tangled =-= system [73]. From the joint distributions for
e*e” — EE, it can be shown that the role of the trans-
verse polarization is fully replaced by the diagonal spin
correlations between the cascades. All decay parameters
can be determined simultaneously, and the statistical un-
certainties do not depend on the transverse polarization in
the production process. The sensitivities at BESIII are
given in Table 6.5 , including the correlations between

Ar(d) =

(6.15)

Table 6.4.

parameters. Practically, the results do not change between
the two extreme cases: A® =0 and n/2. The results for
the decays ¥(3686) — Z-=* and J/y,y(3686) — Z°Z° are
similar. The results are also shown for the asymptotic
case ete” — E"E" with ay =0, and for the scalar char-
monium decay to ==. Contrary to e*e~ — AA, the polar-
ization in the production process plays practically no role.
The weak decay phases ¢= and ¢= are not correlated with
each other or with any other parameter.

6.3.2 Constraint on BNV from A — A oscillations

The stability of ordinary matter implies baryon num-
ber (B) conservation. However, the observed baryon
asymmetry in the Universe shows that the baryon num-
ber should be broken. There are many theoretical models
in which B is not exactly conserved, with B and lepton
number (L) violated simultaneously while conserving B— L.

It was pointed out long ago [74] that the crucial test of
baryon number violation are the neutron-antineutron (n-7)
oscillations, and many corresponding experiments have
been conducted [43]. If n-7 oscillations exist, A-A oscilla-
tions may also take place [75]. There is a proposal to
search for A-A oscillations in the decay J/y — AA [76].
Until recently, however, there have not been any direct
experimental searches for this process.

At BESIII, the decay J/y — pK~A has a very simple
final state and is almost background free, so it is well
suited for searching for A — A oscillations. Initially, J/y
decays into the pK~A final state (defined as a right-sign
event, as A — pnt is detected along with pK~), and then,
with some A oscillating into A, the final state becomes
pK~A (defined as a wrong-sign event, as A — pn~ is de-
tected with pK™). Hence, the probability of generating a
final A from an initial A can be determined by the ratio of

The number of reconstructed events, taking into account the decay branching fractions, tracking and particle identification, with 10'0.7/y

events. The sensitivity is estimated without the possible background dilution, which is small at BESIII. Systematic uncertainties are expected to be of

the same order as the statistical uncertainties.

Channel

Number of events Sensitivity on Ar

Iy — AN — [pr][prt]
Iy = £ = [pr®][pn]
J/p — E020 — [An][Ant]
JIp — E"E* - [An0][An]

2.6x%10° 0.06%
2.5x10° 0.06%
1.1x10° 0.1%
1.6x10° 0.08%

Table 6.5.

The sensitivities at BESIII of the extracted parameters in the spin entangled =-Z system, given as the estimated uncertainty multiplied by the

square root of the observed signal yield. The errors for the parameters of the charge conjugated decay modes are identical. The input values of the =

parameters have only a minor effect on the sensitivities.

as an ¢= Qy AD (a=) Az (an) Apx (azapn)  Aza (¢=) B=

JIy — E7EY (AD = 0) 2.0 3.1 5.8 3.5 6.0 1.4 3.7 1.7 3.5 0.78 4.0 4.1 110
I > E-E* (AD = 1/2) 19 28 54 30 13 14 35 16 31 076 39 38 100
ete” 5 E BT (ay =1 1.9 2.7 5.0 - - 1.3 34 1.4 3.1 0.76 4.0 3.5 96
NesXeo = ETEY 1.6 2.2 3.7 - - 1.1 2.9 1.0 2.6 0.72 39 2.6 71
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wrong sign events to right sign events.
The time evolution of the A-A oscillation can be de-
scribed [73] by the Schroedinger-like equation,

9 (A AD
’a‘:( A) )‘M( Aw) )

where the matrix M is Hermitian,

M= mA—AEA 6mA,-\
B OMmpA my —AER |’

and 6m,; is the AB = 2 oscillation parameter due to some
NP effect, mp (my) is the mass of the A(A) baryon, and
AE is the energy split due to an external magnetic field.
For an unbound A propagating in vacuum without an ex-
ternal field, both AEA and AER are zero.

Starting with a beam of free A particles, the probabil-
ity P(A,1) of generating A after time ¢, is given by

P(A,1) = sin®(6mpx - 1).

BESIII can measure the time integral of the probability,
i.e. the oscillation rate,

Toax - 2 _
fo sin®(Omp g 1) - e/ - dt

fom e/t dt

P(A) = )
where P(A) is the time-integrated probability of A — A,
74 1s the lifetime of the A baryon, and Ty« is the maxim-
um flight time. If we assume that T, is large enough in
the BESIII tracking system, the oscillation parameter can

be deduced as
P P(A)
S PRCNE

With the accumulated data sample of 10'° J/y events, the
upper limit of the A-A oscillation rate will be at the level
of 1076 (90% C.L.) based on the analysis of J/y — pK~A
events, and the constraint on ém,; will be reduced to
107 MeV (90% CL). On the other hand, a time-depend-
ent analysis of A-A pairs produced in J/y decays can be

investigated, taking advantage of their long mean flight
distance of 7.6 cm in the detector. Therefore, BESIII
could provide a very stringent constraint on NP in this
channel.

6.3.3 More symmetry violation in hyperon decays

Since BESIII has a rather large hyperon data set, A
from hyperons can also be used to study symmetry viola-
tions and search for NP, as was recently summarized in
the review [77]. We reproduce here the summary table
(Table 6.6) showing the lepton or baryon-number violat-
ing hyperon decays and their expected sensitivities with
future BESIII data sets. More information can be found in
the original paper [77].

6.4 Charged Lepton Flavor (Number) Violation decays

Charged Lepton Flavor Violation (CLFV) processes
are highly suppressed in SM by the tiny but finite neut-
rino masses. Their branching fractions are predicted to be
negligibly small — and no such processes have been ob-
served. Yet, there are various theoretical models that pre-
dict the rates for CLFV transitions to be large enough to
be observed experimentally. Examples include the SUSY
grand unified theories [78], SUSY with a right-handed
neutrino [79], gauge-mediated SUSY breaking [80],
SUSY with vector-like leptons [81], SUSY with R-parity
violation [82], models with 7z’ [83], or models with
Lorentz non-invariance [84]. While the discovery of neut-
rino oscillations has confirmed the existence of neutrino
masses and LFV in the neutral lepton sector, detection of
LFV in the charged lepton sector would provide direct
evidence of NP.

Experimentally, searches for CLFV effects have been
carried out in a variety of ways, including decays of
leptons, pseudoscalar, and vector mesons, as well as in
other processes. In the charmonium system, BESII ob-
tained the limit B(J/y — eu) < 1.1x107° [85] by analyz-
ing a data sample of 58 million J/y events. BESIII has so

Table 6.6. Lepton or baryon number violating hyperon decays and expected sensitivities with 10'% events at the J/y peak, and 3 x 10° events at the
¥(3686) peak. The current J/y data are from CLAS, as listed in PDG. "—" indicates "not available", [ = e or yx, and p* refers to the charged stable
mesons (M* = 7* or K*). Each reaction shows evidence of AL = +1 or/and AB # 0, and conserves the electric charge and the angular momentum [77].

Decay mode Current data 8 (x107°) Expected BESIII 8 (x107%)(at the 90% C.L.) AL AB
A— M <04~30 <0.1 +1 -1
A— M <04~30 <0.1 -1 -1
A—>K(S)v <20 <0.6 +1 -1
T - KO - <02 -1 -1
=T > K - <10 +1 -1
B > K- - <02 +1 -1
20— Mt - <0.1 +1 -1
20 - Mot - <0.1 -1 -1
20— KJv - <20 +1 -1

040001-88



Chinese Physics C  Vol. 44, No. 4 (2020) 040001

far analyzed 255 million J/y decays. Four events have
been observed, which is consistent with the background
estimate. As a result, BESIII set the upper limit 8(J/y —
ep) < 1.6x 1077 at the 90% C.L. [86], which is currently
the best upper limit on CLFV in charmonium decays. BE-
SII also placed bounds on B(J/y — ut) <2.x107® and
B(J/ — e1) <8.3x107° [87]. The limits on these decay
channels will be updated at BESIII with the data set of
10'° J/yr decays, and an improvement of several orders of
magnitude is expected.

CLFV and lepton-number-violating (LNV) processes
can also be probed in D meson decays at BESIII. No
evidence has been found for D meson decays with either
CLFV or LNV. The present experimental bounds on the
branching fractions are generally set at the level of 1076 to
107 (with a notable exception of D°— ue, where
BD® — p*e™) < 1.3x107%) [88]. D decays with LNV,
such as DY - I*[*X~ and D! —» I'I*X", are also forbid-
den in the minimal SM, but are possible if massive neutri-
nos are Majorana particles.

However, for CLFV processes such as D° — [*I'~ and
D% = [*'-X, LHCb will dominate the searches even if
BESIII increases the available data set of D meson de-
cays by an order of magnitude. On the other hand, BE-
SIII has a potential to search for LNV transitions such as

— I*I*X™ and D} — I*I*X~, due to the clean environ-
ment and low charge confusion rates.

Effective Lagrangian and NP models

NP models probed at BESIII include those predicting
lepton-flavor violating interactions. They can be probed
in decays to flavor-non-diagonal combination of final
state leptons ¢; = e,u, 7. Due to a multitude of NP models
contributing to CLFV processes, it is advantageous to in-
troduce an effective Lagrangian that economically en-
codes all NP models. The details of the models are en-
coded in the Wilson coefficients, while the quark-lepton
dynamical effects are described by a set of CLFV operators.

The effective Lagrangian L. that involves CLFV can
in general be written as

Leg=Leg+Lp+ L+, (6.16)

where Lp is the dipole part, L, is the part that contains
four-fermioninteractions, and L isthe gluonic part[89,90].

The dipole part L, hasbeen extremely well con-
strained by purely leptonic CLFV decays of the type
£, — yy [91,92]. It appears that any possible contribu-
tion of £p to charmed particle decays is four-to-six or-
ders of magnitude smaller than from the other sectors of
Legr, and it is neglected in the following discussion [89].

The four-fermion dimension-six lepton-quark part of
the effective Lagrangian, Eq. (6.16) is [91]

1

-Efq == p

q=u,c

[(chN 0Oy Prly +CY " Y PLE) Gyuc

(C(M C U PR, +chmz f]V”Psz) qYuysc
+ mym.Gp (Cly® LiPLL +CE" €1 Prty) Ge
+ mzmcGF( cacht €1PL€2+C‘1L il €1PR€2) qysc
+ mom.Gp (c‘f“’ C U PLL + CL " T PrEy)

XGopwe+hc. |. (6.17)

Here, Pg; = (1+7vs)/2 is the right (left) chiral projection
operator. In general, the Wilson coefficients are different
for the lepton flavors ¢; and quark flavors ¢ = u,c. This
implies that decays of charmonium states and D mesons
probe different terms (and different models of NP) in the
effective CLFV Lagrangian.

The dimension seven gluonic operators in L appear
for flavor-diagonal quark transitions, i.e. for ¢ = ¢ [90,93],

__mGr By e, a apy
Lo=="5 i = (Chx 1Pl +ChY € PREY)GE, G
+ (CL% € PLL + Col €1 Pr:)GE,GY +hoc|.
(6.18)

Here, B = —9a?/(2n) is defined for the number of light
active flavors L, relevant for the scale of the process,
which we take as u~2 GeV. All Wilson coefficients
should also be calculated at the same scale. Gr is the
Fermi constant, and G%” = (1/2)6“V"BG3ﬁ is the dual of
the gluon field strength tensor.

Each term in Eqgs. (6.17)-(6.18) can be separately
probed in two-body decays of charmonium states with
different J¥¢ and D mesons, as their constrained kinemat-
ics only selects operators with particular quantum num-
bers. Aswillbe shown below, J/y— £, £, decays select vector
and tensor operators, while y. — £;¢, and 5. — £, only
select scalar and pseudoscalar/axial operators in Eq. (6.17).

6.4.1 Decays J/y,y(3686) — [11, 11 by

Experimental constraints on the J/¢ — {,£, branch-
ing fractions can be effectively converted to bounds on
the Wilson coefficients of vector and tensor operators in
Eq. (6.17). The Wilson coefficients can then be related to
the model parameters of explicit realizations of possible
UV completions of the effective Lagrangian in Eq. (6.16).
Examples of particular new physics models include the 7’
scenarios [94], R-parity violating supersymmetric models
[95-97], and other approaches [98,99].

The most general expression for the J/i (or any y(nS))
— £,£, decay amplitude can be written as

AV — 018) =u(py,s1)| ALy, + BY Ly,
Cf.(z iDéﬂ[g

+ (P2 = Py + ——(p2 = PuYs
my my

X v(p2,$2) €'(p),
(6.19)

6l bl A6 06,
where V = J/y or ¢(3686), and A};”, B,”, C\)”, and Dy,
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are dimensionless constants which depend on the under-
lying Wilson coefficients of the effective Lagrangian in
Eq. (6.17), as well as on the hadronic effects associated
with the meson-to-vacuum matrix elements or decay con-
stants. We shall neglect the dipole and tensor operator
contributions, which implies that C‘{;[z :D@f2 =0 [89].
The branching fractions of the vector ¢ states are calcu-
lated from Eq. (6.19), and yield the ratio

B — 0,6) B mV(l [iAMZ
By —eter) | 4dnaf,0,

Here, a is the fine structure constant, Q. =2/3 is the
charge of the ¢ quark, the mass of the lighter of the two
leptons has been neglected, and y = m,/my. The coeffi-
cients Af,")Z and BmZ depend on the initial state meson,

+|B4Y| ] (6.20)

Al Sfymy (C“H Ccc[ﬂfg),

2A2
00 fvmv ccl,t, ccl A
Byt =-T1 (Cyre=cyr®). (6.21)

The constraints on the Wilson coefficients also depend on
the meson decay constants,

Olgy*qlV(p)) = fvmye(p),

where €(p) is the ¥ meson polarization vector, and p is
its momentum [100]. The decay constants are fj,, =418+
9 MeV and fy36s6) =294+ 5 MeV. They are both known
experimentally from the leptonic decays, and theoretic-
ally from the lattice or QCD sum rule calculations.

There is an ongoing analysis based on the existing
data set of 1.3x10° J/y decays. In this study the selec-
tion efficiencies for both J/ — ur and J/y — et are
around 14%. Based on the same Cut and Count (CC) ana-
lysis technique, with the assumption of similar efficien-
cies, we can make a projection of the future BESIII sens-
itivity in this channel. By constructing cocktail samples
from the 1.3x10° data set, and then performing toy MC
(pseudo-experiment) studies, the sensitivity with 1010 J/y
events is evaluated. The 90% C.L. upper limit on the
number of signal events is estimated according to the re-
coil 7 mass distribution. With 10'° J/y decays, the projec-
ted sensitivities of the two channels are estimated to be at
the 1078 level. Such results would represent an improve-
ment of almost two orders of magnitude compared to BE-
SII. The systematic uncertainties have also been estim-
ated, and are expected to be sub-dominant even for this

(6.22)

Table 6.7.

gressive estimates.

very large sample. With more advanced analysis tech-
niques, such as multivariate analyses (MVA), the effi-
ciencies could be increased due to reduced background
levels, which would result in even better sensitivities. The
current and future BESIII constraints on B(J/y — {1£5)
are summarized in Table 6.7. Based on these projections,
the current and projected constraints on the combination of
Wilson coefficients and NP scale A are given in Table 6.8.

A promising approach for increasing the sensitivity of
J/y decays to CLFV operators is to consider radiative
charged lepton-flavor violating (RCLFV) transitions. The
addition of a photon to the final state certainly reduces
the number of events available for studies of CLFV de-
cays. However, theJ/y data set accumulated by BESIII is
large, which makes it possible to detect the contribution
of other operators in L. Since the final state kinematics
is less constrained than in two-body decays, the con-
straints on the Wilson coefficients of the effective Lag-
rangian depend on a set of V —y form factors that are
not very well known [89]. To place meaningful con-
straints on the Wilson coefficients from non-resonance
J/yr RCLFV decays, it is necessary to employ the single-
operator dominance hypothesis, i.e. to assume that only
one operator contributes at a time. For the axial, scalar,
and pseudoscalar operators, one has [89]

Q2 f2
18 (47) A4

A cct,6,\?
x[(CzL ) +(CACR )]
| a0} RG3m]
144 (47> A4

x [(Cccf.fz)z + (Cccmz)Q] ¥,
1 Q2 f\%GFmV
144 (42 A%

x|(exie) +(emet)
The J/& — yeu channel is experimentally challenging at
BESIII, so we focus on J/y — yutr and J/y — vyer, for
which the analysis with the current data set is ongoing. If
MVA were to be used, the efficiency would be about
35% for both channels. There is no detailed projection
yet, but the sensitivity to branching fractions could then
reach (1-3)x1078.

FA(J/lﬁ*Vflfz)—

Ts(J/y - y016) =

Tp(J /= y6i6) =

(6.23)

Current [89] and future BESIII constraints on B(J/y — {1¢>). The projections with CC and MVA methods provide conservative and ag-

016 Ut et e
Current upper limit 2.0%107° 8.3x107° 1.6x1077
BESIII projected (CC) 3.0x1078 45x1078 1.0x1078
BESIII projected (MVA) 1.5%1078 25%1078 6.0x107°
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Table 6.8.

n_n

same.

Constraints on the Wilson coefficients of four-fermion operators. Note that the constraints on the right-handed couplings (L — R) are the
means that no constraint is currently available, "FPS" means that the decay is forbidden by the phase space, and "N/A" means that the BE-

SIII sensitivity studies are yet to be performed. Current constraints are from [89].

Leptons Constraints
Wilson coeff (GeV~2) 0 Current Projected
KT 55%1073 [5.0,7.1]x 107°
/2| et 11x 107 [6.5.8.7]x 1076
et 1.0x1073 [2.8,3.7]x 1076
HT - 7.4%x1074
N er - 74107
ep - N/A
Ht - 2.0
eI et - 20
ey - N/A
utr FPS FPS
e8] et - N/A
ep 1.3x1078 22x1078

6.4.2 y.n.) — il via photon tagging in ¥ (3686) —
YXc(e)

Similarly to probing operators with vector quantum
numbers described in Sec. 6.4.1, the scalar and pseudo-
scalar operators in Eq. (6.17) can be probed in decays of
scalar and pseudoscalar charmonia. Although these states
are not produced directly in e*e™ collisions, they can be
studied in the radiative decays of vector charmonia [89].
Since at resonance

BV — yt162) = B(V = yM)B(M — 1(5),

states Wit_h large B(V — yM) can be used to probe
B(M — £1£5) [89]. An example includes

BW(3686) = Yxeo) =(9.99 +0.27)%,
BWBTT0) = Yyeo) =(0.73 +0.09)%

for probing the scalar operators in decays of the scalar
states M = y.. BESIII will have the highest sensitivity for
the decay channels y(3686) — vy, and y. — ur and
X0 — et It is estimated that the efficiency for
B (3686) — yx0) could be about 10%.

If BESIII could collect a data set with about 3 x 10°
¥(3686) events, the sensitivity for y.o — ur and y. — et
could reach (1-3)x 1077, Similarly,

By — yn) =(1.7+£0.4)%,
B (3686) — yn.) = (0.34+0.05)% ,

for the pseudoscalar state M =rn.. BESIII will be sensit-
ive to the decay channels J/y — yn., n. — ut and n. — et
. With 10'° J/y events and a detection efficiency of 10%,
the sensitivity for n. — ur and n.— er could reach
2-5)%x107".

(6.24)

It must be pointed out that in the cases of y.o and 7.,
the decay to eu is more challenging, as the level and com-
plexity of the background is expected to be higher. It is
nevertheless still possible to probe these decay channels
with the final BESIII data set, although a separate dedic-
ated analysis is needed. It is expected that in these cases
as well, BESIII will be able to probe the decay branching
fractions at the level of 1077 .

The most general expression for scalar and pseudo-
scalar decays M — 0,10 is

AM — b16y) = u(pr, 1) |[Eyy +iFyys|v(p2. 52).
(6.25)

where Eﬁ‘/z and Fﬁ‘f are dimensionless constants for the
scalar M = y. and pseudoscalar M = . decay amplitudes,
which depend on the Wilson coefficients of the operators
in Eq. (6.17), and on the decay constants. The corres-
ponding branching fraction is

BOM - 6T = 2 (1- ) || +|FT| 626
Here, 'y, is the total decay width and y =my/my,. The
generic expressions for the coefficients Eﬁ'fz and Fﬁ‘fﬂ for
the pseudoscalar M = P and scalar M = S states are given
in [89]. We can simplify them by neglecting the contribu-
tion of the gluonic operators of Eq. (6.18), as n. and y.
are not expected to contain large gluonic components in
their wave functions. The Wilson coefficients of the
gluonic operators are better probed in CLFV tau decays,
where the low energy theorems [93], or experimental data
[90], constrain the gluonic matrix elements in a model-in-
dependent manner.
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Hence, P =1, CLFV decays are mainly sensitive to
the axial operator contributions in L, of Eq. (6.17) [89],

06, . Mp . cct,t, cct,t,
ELt = m[-;fp[z(cAL +C%)

2 cet,t, cct,l,
miGr (Copt )|

0l mp ccl,t, cct, b,
Fpe = _ym[fPP(CAL —Cur )

— G (C30 e — ‘)” (6.27)

while scalar § = y. CLFV decays uniquely probe the scal-

ar CLFV operators of Eq. (6.17),

m_% GF
2A2

YA . ccl,l. ccl,l,
E¢7 =iyfom, (CSL”+CSR' ),

2
meGp
Ol S cclily, _ ~echily
Fy =yfsm, e (CSL Cor ),

where the decay constants are f;, = (387+7) MeV [100],
and f, ~ 887 MeV [101], for the pseudoscalar and scalar
states, respectively. The current and projected constraints
on the combination of Wilson coefficients and NP scale A
are given in Table 6.8.

6.4.3 (Radiative) Leptonic decays D° — I,15,l11»

Studies of lepton flavor violation can also be per-
formed with DO decays into ¢1¢, and y¢;¢, final states.
These decays involve FCNC transitions in the quark and
lepton currents, and the set of effective operators tested is
given in Eq. (6.17) for ¢ = u. It should be emphasized that
they are different from the operators discussed in Sects.
6.4.1 and 6.4.2, although particular NP models could give
contributions to both sets of operators, in which case the
Wilson coefficients of Eq. (6.17) for ¢g=c and g=u
would depend on parameters of the same NP model.

As D mesons are pseudoscalar states, the branching
fraction of the flavor off-diagonal leptonic decays of D
mesons is given by Eq. (6.26) with a7 — D, where I'p is
the total width of pO. Calculating the form factors E}‘;f'[z
and F ;“f'& for the DO (q1g> = cu) states yields [91]

q19:0, 6 _meDy uct, l, ucl,
Ej, = TOA2 [(CAL +Cyp )

2 019:6, 6, q19:6,8
+mpGp (CHE0e + ChE0t) |,

(6.28)

q14:0, 6, _-meDy ( qu,fz_ qlqulfg)
Fp =t A2 CaL Car

+ G (CUht - cj:,;,f"’z)], 629
where fp =207.4+3.8 MeV is the D meson decay con-
stant.

The current and projected constraints on the combina-
tion of Wilson coefficients and NP scale A are given in
Table 6.8. It should be noted that other operators can also
be probed in D decays. To access them, one can consider

three-body decays of a D meson into yf;¢; [91], or
semileptonic CLFV decays. While increasing the reach of
the experiment, these decays complicate the theoretical
interpretation of the bounds, forcing the introduction of
additional hypotheses, such as the single-operator domin-
ance, as well as model dependence. Using the results of
Ref. [91], a set of constraints on CLFV operators can be
obtained. If BESIII could take about 20fb~! data at
¥(3770), the sensitivity for D°—yeu could reach
(5-10)x107".

6.44 CLFV and LNV Dy decays with light mesons

CLFV searches can include decays with light mesons
in the final states, such as D — nf1{, or Dy — K165, A
clear advantage in using these transitions is that both
charged and neutral D mesons can be used for analyses.
Just as in D — y{,¢,, the disadvantages are the diffi-
culties with the theoretical interpretation of the experi-
mental bounds (unless directly projected onto particular
NP models), and increased model dependence of the
bounds, as long-distance contributions become increas-
ingly more pronounced.

Finally, lepton-number violating processes such as
D) = 7~ (K™"){* " can also be probed at BESIII. In par-
ticular, with 20 fb=! of ¥(3770) data, BESIII could im-
prove the best upper limit to 4.6x 10~ and 2.3 x 10~ for
D* —» ne*et and DT — K~ e*e* | respectively, extrapol-
ated from the current analysis.

6.5 Searches for light (invisible) NP particles

Several well-motivated proposals of BSM physics in-
clude new degrees of freedom (DOF) that do not interact
with the SM particles directly. Such DOFs constitute the
so-called "Dark Sector". Particles that populate the Dark
Sector could form a part or whole of the DM in our Uni-
verse. There are only a few interactions allowed by SM
symmetries that provide a portal from the SM sector into
the Dark Sector [102,103]. Depending on the masses,
such DM and portal DOFs could be probed at the low-en-
ergy high-intensity frontier experiments, such as BESIII.

6.5.1 Physics of the Dark Sector

The presence of cold DM in our Universe provides
the most natural explanation of several observational
puzzles. If DM has a particle origin, it should be eventu-
ally detected in particle physics experiments. In particu-
lar, if DM particles are light, with masses in the keV-
MeV range, as suggested by our understanding of small-
scale gravitational clustering in numerical simulations, it
should be possible to detect them in the decays of heavy
meson states at BESIII. These DM particles could be fer-
mions, scalars, or even vector bosons. In many models
they are produced in pairs, as such models feature the Z,
symmetry requirements for Lagrangians with such
particles.
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In other models light new particles can be produced
not only in pairs, but also individually, in which case they
could serve the role of mediators (portals) between the
Dark Sector and SM. A particular motivation for such
scenarios comes from the observations of anomalous
fluxes of cosmic-ray positrons. In 2008, the PAMELA
collaboration reported an excess of positrons above 10
GeV [104], which has now been confirmed by many oth-
er experiments, such as ATIC [105], Fermi-LAT [106]
and AMSO02 [107]. In a class of models, DM particles
with masses of O(TeV) annihilate into a pair of light bo-
sons with masses of O(GeV), which subsequently decay
into charged leptons [108,109]. An exchange of light bo-
sons would increase the DM annihilation cross-section,
which would allow to explain the observations of anom-
alous cosmic-ray positrons. Moreover, if the mediator is
light enough, no extra antiproton will be produced due to
the kinematics. This feature is consistent with the
PAMELA antiproton data. The light boson may be a
massive dark photon in the models with an extra U(1)
gauge symmetry.

The dark photon field V), couples to the SM photon A,
via kinetic mixing [110],

Ly = —ngF“V, (6.30)

where V,, is the dark photon’s field tensor V,, =4,V,—
d,V,. Note that this construction is gauge invariant. The
dark photon can acquire a mass via the spontaneous sym-
metry breaking mechanism. Some models predict that the
mass of the dark photon is at the scale ranging from
O(MeV) to O(GeV) [110,111]. The kinetic mixing coup-
ling « is assumed to to be very small. Similarly to the
case of neutral meson mixing, the introduction of the
term mixing A, and V,, implies that neither of the fields is
a mass eigenstate. Diagonalizing the Lagrangian
[110,112] introduces a small coupling g between the new,
weakly-interacting vector field V, g ~ ke, where e is the
electric charge. Thus, dark photons can be searched for in
the decays of charmed particles [112] and/or charmonia.

The structure of the Dark Sector can be complicated,
possibly with a class of light particles including scalars,
pseudo-scalars, gauge bosons and fermions at the GeV
scale. Since the interaction between the Dark Sector and
the SM sector is very weak, the constraints on the mixing
parameter and dark photon mass mainly come from the
intensity frontier, such as the measurements of the elec-
tron and muon anomalous magnetic moments, low-en-
ergy electron-positron colliders, beam-dump experiments
and fixed-target experiments [102,103].
Light Dark Matter (LDM) with Z, symmetry

Let us consider, as an example, the generic case of a
complex neutral scalar field yo describing LDM. The dis-
cussion of other spin assignments of LDM and their ef-
fects in charm decays can be found in [40]. The generic

effective Hamiltonian of lowest dimension describing
¢ — uy;xo interactions is

© c¥
Hi=2) <50
l

where A is the scale associated with the particle (s)
mediating interactions between the SM and LDM fields,
and Cf.s) are the relevant Wilson coefficients of the operat-
ors

(6.31)

Oy = mc(uger)(xpxo)
Oz = mc(urcr)(x X0

O3 = (ury'cL)(xy du X0)s
O4 = (ury"cr)(x( Ou X0,

where 3: (5 - B)/z, and y;, is the conjugated state of yo.
Operators Os4 disappear for real scalar LDM, in which
case x;, = xo- In Eq. (6.32), it is implied that the mediator
of interactions between the LDM and SM fields is heavy,
My > mp. The discussion can be modified for the case of
a light mediator (see [40]).

The simplest decay that is mediated by Eq. (6.32) is
the transition D° — yoxo, which could contribute to the
invisible D decay width,

2
C(S) _ C(S) M2 m, 2
B(D°—>Xo)(o)=( o) ( JoM ) V1-4,

4aMplp |\ AZ(m. +my,)
(6.33)

where x, =m,/Mp is the rescaled LDM mass. Clearly,
this rate is not helicity suppressed, so it could be quite a
sensitive tool for determining LDM properties at BESIII.
Current experimental constraints imply that
(0 -c)
A2

for m, < mp, which corresponds to probing NP scales
above 3.5 TeV. These constraints could be improved with
the updated bounds for the p® — invisible decays. The
constraints obtained in Eq. (6.34) can be used for con-
straining the parameters of particular models of light DM
[40,113].

Similarly, the decay width of the radiative decay
D" > xixoy can be computed as

FocCut (e

(6.32)

<8x107%, (6.34)

BD° - xoxoy) =

6A‘Tp ar
1 2x
x| g (1= (1 = 16x0 ~12:) — 12xlog ————|.
1+ 1-4x2
(6.35)

We observe that Eq. (6.35) does not depend on C(IS; This
can be easily seen from the fact that the D — y form
factors of scalar and pseudoscalar currents are zero.
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LDM without Z, symmetry

If DM particles are very light, in the kev-MeV range,
they do not need to obey the Z, symmetry, as their de-
cays to pairs of SM states could be either suppressed kin-
ematically or by a small coupling. This implies that DM
particles can be emitted and absorbed by SM particles.
Due to their extremely small couplings to SM particles,
experimental searches for such light states require large
samples and the ability to resolve signals with missing
energy. BESIII is ideally suited for such searches. For ex-
ample, such particles could be searched for in leptonic
D/Dg; — ¢v decays, which are helicity suppressed in SM.
Additional emission of a dark photon or an axion-like
particle (ALP) a could lift the helicity suppression and
change the energy spectrum of the lepton [112]. Simil-
arly, flavor-changing transitions of the type D — anm,
which result in a two-body-like spectrum of pions in
D — m+ invisible, could become possible [114].

Searches for dark photons can be performed in de-
cays of charmonium states. BESIII has the largest J/y
data sample in the world. Associated production of dark
photons with other Dark Sector particles, such as the dark
Higgs #’, is also possible and has been studied [115,116],
provided that m, is such that the production of this state
is not kinematically suppressed.

6.5.2 (radiative) Invisible decays of charmonia

Invisible decays of quarkonium states might provide a
window into what may lie beyond SM. In SM, the invis-
ible decays of J/¢ and other charmonium states are giv-
en by their decays into neutrino final states,

TUp—w) _ONGE (8 g
— = s |1 = 7 sin” O
I'J/y—ete”) 256m%a?

~4.54 %107, (6.36)

where G is the Fermi coupling, 6y is the weak mixing
angle, and N, = 3 is the number of light non-sterile neutri-
nos. It is interesting to note that this result is about three
orders of magnitude smaller than the corresponding de-
cay of an Upsilon state [117]. Similarly, the SM branch-
ing fraction of radiative decays of J/y with missing en-
ergy is also very tiny [118]. Thus, we may neglect the
neutrino background effects when confronting the theor-
etical predictions of J/y decays into invisible states with
the experimental data. This implies that invisible decays
of charmonium states provide an important opportunity to
search for glimpses of BSM physics. In BSM scenarios,
the decay rate might be enhanced either by new heavy
particles which modify the interactions of neutrinos with
heavy quarks, or by opening new decay channels into
light DM states.

It is therefore possible to use invisible decays of char-
monium states to set constraints on various models of light
DM, provided that DM states couple to charmed quarks
[118-121]. Predictions for radiative decays with missing

energy in light DM models are given in Ref. [122].

Due to its superb kinematic reconstruction capabilit-
ies, BESIII can search for the invisible and radiative in-
visible decays of J/y, and via decay chains y(3686) —
a*n~ J/y(— invisible) using n*x~ as a trigger, similar to
the invisible decay search for Y(1S) at BaBar [123]. With
the data set of 3x 10 ¥(3686) events, the branching frac-
tion of the J/y invisible decay could be probed to
3x 1075,

6.5.3 Invisible decays of D mesons

Decays of D mesons into invisible final states can
also provide an excellent probe of light Dark Matter mod-
els. Similarly to Sect. 6.5.2, the invisible decays of D
mesons in SM are constituted by their decays into neut-
rino final states, which can be computed. A major differ-
ence between the heavy quarkonium and D decays into
neutrinos includes long-distance effects, which are cur-
rently poorly known. However, they are not expected to
dominate the short-distance (SD) estimates by many or-
ders of magnitude. The SD contributions to the branch-
ing fractions of D° — v¥ decays can be readily computed.
It can be immediately noted that the left-handed structure
of the Hamiltonian should result in helicity suppression
of these transitions. Assuming that the neutrino masses
are m, ~ y,;m,, <0.62 eV [124], where m,, is the mass of
one of the neutrinos,

2 242 3
FQ JpMp

1673 sin* Oy T po
~1.1x107%, (6.37)

Here, x, =m,/mp and I'p = 1/7p is the total width of the
D meson. Such tiny rates imply that decays of heavy
mesons into neutrino-antineutrino final states in SM can
be safely neglected as sources of background in the
searches for DM in D decays. Such helicity suppression
in the final state can be overcome by adding a third
particle to the final state, such as a photon. In fact, the
SM contribution to the invisible width of the D meson is
dominated by D decays into the four-neutrino final state
with the branching fraction B(D° — 4v) = (2.96 +0.39)x
10727 [125]. The resulting branching fractions of
D — yv¥ are also larger than D° — v¥ by orders of mag-
nitude [40,126].

The Belle collaboration published a limit on the
branching fraction of D decays to invisible final states,
setting it at 9.4x 107> at the 90% C.L. [127]. BESIII
could improve this limit to the order of 107 — 10~ with
the final charm data set. Many NP models predict much
larger branching fractions of D mesons into light DM
states than of D — vv. This implies that the measurement
of the invisible D width provides a practically SM-back-
ground-free search for such states [40]. Searches for D
decays into a meson state and missing energy can also
probe light DM states [113,128].

BD° — W) = Ve Vi P X ()2
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6.5.4 Invisible decays of light mesons

Decays of light mesons produced at BESIII can also
probe new light particles [129]. In the case of dark
photons, the general rule is that if light mesons can decay
into regular photons then they can also decay into dark
photons [115,130]. Since low-energy electron-positron
colliders produce numerous mesons, it is also possible to
investigate dark photons in rare decays of mesons. For in-
stance, one can search for a resonance in the processes
p—on+Vandr/noy+V -yl

The invisible decay of n and 1’ mesons was studied
[131] with 2.25x10% J/y events at BESIII, which im-
proved the previous limits from BESII. Invisible decays
of vector states, such as w or ¢, were also probed [132].
The sensitivities of these results are dominated by the
available statistics. With 10'°J/y events recorded, the
statistical uncertainty will be correspondingly reduced.
The expected upper limits could then be further im-
proved to 2.8 x 10~ and 4.5x 107> for the w and ¢ invis-
ible decays.

6.6 Off-resonance searches

The clean collision environment and excellent detect-
or performance of BESIII offer opportunities for NP
searches in kinematic regions where the energies of the
electron and positron are not tuned to the s-channel reson-
ance production of ¥(nS) states.

6.6.1 Rare charm production: e*e™ — D*(2007)

As mentioned in Sect. 6.2.2, the rate of the simplest
FCNC decay D° — ¢*¢~ is helicity suppressed. This is
demonstrated by the decay amplitude that is proportional
to the mass of the final state lepton. This fact makes the
observation of the branching fraction of D°—e*e™ a
near-impossible task, and complicates the study of lepton
flavor universality in charm transitions.

An interesting alternative to the studies of D decays is
to measure the corresponding production process
e*e” — D*, as shown in Fig. 6.3 [133]. This is possible if
BEPCII were to take data at the collision energy corres-
ponding to the mass of D* meson, /s ~ 2007 MeV. The
production process, e*e” — D*°, which is inverse of the
D* — e*e” decay, is rather rare, as it is driven by FCNC.
Yet, the produced D*0 resonance, tagged by a single
charmed particle in the final state, decays strongly
(D" — D2%) or electro-magnetically (D*° — D) with
huge branching fractions of (64.7+0.9)% and
(35.3+£0.9)% , respectively. This production mechanism,
albeit very rare, has clear advantages for NP studies com-
pared to the D° — e*e™ decay: helicity suppression is ab-
sent, and a richer set of effective operators can be probed.
It is also interesting to note that contrary to other rare de-
cays of charmed mesons, long-distance SM contributions
are under theoretical control and are of the same order of
magnitude as the short-distance contributions [133].

et D

e ()
Fig. 6.3. Probing the cii — e*e™ vertex with D*(2007)°
resonant production in e e collisions.

Some preliminary studies of this process were performed
by CMD-3 at VEPP-2000 collider in Novosibirsk [134].
It is interesting to estimate the sensitivity of BESIII to
detect the process e*e™ — D* — Drx. It can be shown
[133] that crudely,
1 }x m%),

edet 1270 Bp-pr

Bp o > [ (6.38)
assuming that the beam energy resolution is smaller than
the spread of the resonance cross-section. An average lu-
minosity of L~ 1.0x 103 cm~2s~! with a year (~ 107s) of
running at the p* resonance yields f Ldt=1.0 fb". Thus,
the single-event sensitivity estimated from Eq. (6.38) im-
plies that

B e > 4% 10713 (6.39)

could be probed in an ideal way. However, the beam en-
ergy resolution around +/s =2 GeV at BEPCII would in
practice be more than several hundred keV, which is at
least one order of magnitude wider than the p* resonance
width. Hence, a realistic upper limit for one-year data tak-
ing could be a few orders of magnitude worse than the
number given in Eq. (6.39).

To estimate the NP scale sensitivity implied by Eq.
(6.39), one can assume single operator dominance with
the Wilson coefficient C to obtain [133]

1 m f3 c?
3r 32y B(D* — ete™)

With the upper bound of Eq. (6.39), the observation of a
single event in a year of running would probe NP scales
of the order of A ~2.7 TeV, provided that C ~ 1. Taking
into account the current experimental bound
Bpee =7.9x1078, one finds that only the scale A ~ 200
GeV is currently probed by the D — e*e™ decay. It is the
presence of the lepton mass factor that severely limits the
NP scale sensitivity in D? — e*e™.

It should be noted that single-charm final states re-
quired for this analysis can also be produced in non-
leptonic weak decays of heavy quarkonium states, such as
J/w — Dr, discussed in Sect. 6.2.1, albeit in different kin-

1/4

(6.40)
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ematic regions. Since the heavy charmonium states lie far
away from the energy region required for this analysis,
these transitions will not produce any background in
e*e” —» D* — Dn, and can be used to study the experi-
mental systematics associated with such final states (see
Sect. 6.2.1).

6.6.2 Dark photon and dark Higgs searches

Electron-positron colliders are suitable for probing
dark photons via either the direct production or rare de-
cays of mesons (see Sect. 6.5). Dark photons, directly
produced in e*e” annihilation, could subsequently decay
into charged leptons [116,130,135-137], which could be
detected at BESIII. In comparison with the irreducible
QED background, dark photon production is highly sup-
pressed. To reduce the background, precise reconstruc-
tion of the dark photon mass and high luminosity are im-
portant. Such analyses have been performed by the BaBar
experiment [130,138,139]. The mixing parameter « (see
Sect. 6.5.1 for definition) is constrained for the dark
photon with a mass of about 1 GeV. The limits can be
further improved at Belle II [140]. The potential reach of
BESIII was discussed in Ref. [115], where 20 fb~! of data
collected at ¥/(3770) is assumed.

At BESIII, the most promising channel to search for
dark photons is via the radiative decay e*e™ — yV'* —
ve*te™. The published BESIII result [141], based on 2.9
fb ' of ¥(3770) data, is competitive with the upper limit
from BaBar [142], based on nine years of running.

BESIII searches would also be competitive if the dark
photon decays invisibly (or is detector stable, i.e. it
mostly decays outside of the detector volume). An estim-
ate of the possible constraints from the existing data set
shows that BESIII could reach or exceed the existing
BaBar limit. In the future, the ¥(3770) and XyZ data sets
will be increased, so that the exclusion limit will be fur-
ther reduced by BESIII. However, it will be difficult to
reach the relic density limit, since it is 2-4 orders of mag-
nitude lower. Future data sets will provide an opportun-
ity for studying other channels that are feasible for dark
photon searches, such as J/y —e*e +V’' [135] or
Y(3686) — y.+V'.

Another search strategy is to look for dark photons in-
directly. This applies to BSM models with light dark
Higgs particles #’. We can search for a dark photon asso-
ciated with a dark Higgs h’ via the Higgs-strahlung
ee” - V'I’. Masses of the dark Higgs and dark photon
are unknown. The dark Higgs 4’ decay modes strongly
depend on the relation between these two masses.

1.my >2xmy: h - V'V

2. my <myy <2xmy: K — V'V, where V* decays
into leptons;

3. my <my.: I’ decays to lepton pairs or hadrons, or
W — invisible.

There may also be other light bosons in the dark sec-

tor, for instance gauge bosons associated with extra non-
Abelian symmetries [143]. The final states of the direct
production could contain more lepton pairs. In this case,
it is easier to extract the signals from large QED back-
ground via the reconstruction of resonances. BESIII pub-
lished two results from a light Higgs search, exploiting
W(3686) [144] and J/y [145] decays. These results can
also be interpreted to constrain the dark photon. They are
still limited by statistics, so the sensitivity will be im-
proved with more data.

6.6.3 Axion-like particles

Axion-like particles (ALP), commonly denoted as a,
are present in many possible extensions of SM. ALPs
arise as Goldstone bosons in theories with additional Pec-
cei-Quinn symmetry (PQ) [146,147], which is a spontan-
eously broken global symmetry that is anomalous with
respect to the SM gauge interactions. a mainly couples to
a photon-pair via £ = £2€,,,5F*"F*a. The search for an
axion-like particle at BESIII can be performed via
D — K*a [148], ALP-strahlung (e*e™ — ya) and photon
fusion (e*e™ — e*e~a) processes [149]. Searches for ax-
ion-like particles have not yet been made at the BESIII
experiment, nor at any other e*e™ collider experiment.
Belle 1I has a planned program of searches for this kind
of new particle [150].

At BESIII, ALP can be searched for via radiative de-
cays of quarkonium states, such as J/¢ — ya. The
branching fraction of J/¢ — ya can be computed as
By — ya) = g=g% ,m2B(J/y — e*e”) [151]. The large
data sets collected by BESIII at J/¢ and ¢(3686) provide
a unique opportunity to explore ALPs. One of the pos-
sible difficulties could arise from the method of selecting
two best photons for a — yy reconstruction. One of the
easiest methods would be to combine all three possible
combinations of di-photon invariant mass spectra, and
then search for a narrow resonance 'a' signal. Assuming
B/ = yAOXBA® — ™) = BUY — ya) X Bla — yy),
the 90% C.L. upper limit on gy, is expected to be in the
range (8.7-115.9)x 107> , with the J/y sample of 10'°
events, in the absence of any significant signal.

6.6.4 Searches for fractionally charged particles

The electric charges of all known elementary particles
are either zero, +e, +1e, or £3e, where e is the electron
charge. While it is known that such charge assignments
are required for the cancellation of electroweak anom-
alies [152], we can not explain why this particular pat-
tern of charges was chosen in Nature. Furthermore,
quarks always combine into composite particles with
charges ne, where n=0,+1,+2..., so that all observable
particles have zero or integer charge in terms of e. This
seems quite natural but we do not understand the physic-
al law behind this simplicity.

Some BSM models predict the existence of fraction-
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(color online) (Left) Existing limits for fractionally charged particles in the low-mass region. (Right) A typical dE/dx dis-

tribution of the signal for m(F) = 1.3 GeV/c? and Q(F) = %e, where the red histogram shows the signal and the cyan histogram

the background estimate.

Table 6.9. Projection of BESIII limit on o-(e*e™ — F +%F '%) at v/s = 3.773 GeV (with statistical uncertainties only) at the 90% C.L.

m(F)/(GeV/c?) Nokg Nops(MC) €(signal) o (fb) for 2.9 fb ' o (fb) for 20 fb '
0.3 0 0 0.73 0.94 0.14
13 0.57 0.57 0.76 1.39 0.28
1.7 5.38 5.38 0.77 1.90 0.78

ally charged particles, such as leptoquarks [153], modi-
fied QCD [154-156], etc. In the past 80 years, physicists
have searched for fractionally charged particles by em-
ploying various methods and technologies, such as
particle accelerators in fixed target and collider modes,
space science, analyses of bulk matter etc., without any
confirmed observation [157].

In collider experiments, the ionization energy loss
dE/dx can be used to search for a fractionally charged
particle F/ with low background. The energy loss scales
roughly as (Q/e)* , where Q is the charge of F. Such
searches have been performed by experiments at LEP,
Tevatron, as well as carlier facilities, with the assumed
mass of F larger than 45 GeV/c?. The existing search res-
ults for low-mass fractionally charged particles are shown
in Fig. 6.4(a), presented as the ratio of o-(e*e™ — FF + had)/
o(ete” — p*p7). The most sensitive low-mass search was
performed by CLEO [158] and OPAL [159]. With signi-
ficant integrated luminosity in the tau-charm energy re-
gion, BESIII can search for fractionally charged particles
in the low-mass regime to improve the bounds set by
CLEO.

The BESIII drift chamber can measure dE/dx pre-
cisely, and the process e*e™ — FF can be searched for by

counting the number of events in the corresponding
dE/dx distribution. Figure 6.4(b) shows a typical dE/dx
distribution from a simulation with m(F)=1.3 GeV/c?
and Q(F) = %e, where only 0.57 background events are
expected for 2.9 fb ' ¥(3770) of data. Using the Rolke
method [160], the upper limit on o(e*e™ — F*?3F~2/3) at
the 90% C.L. can be extracted. Table 6.9 shows the ex-
pected BESIII sensitivity for the cross-section with sever-
al assumptions for the mass. The expected signal and
background are from MC simulations, and only the stat-
istical uncertainties are taken into account in the upper
limits. It is clear that BESIII can provide improved con-
straints on the mass of F in the low-mass region.

To facilitate the comparison with existing results, the
expected BESIII results can also be presented as the ratio
Rr=c(ete” — FF)/o(ete” — ptp). Using the informa-
tion given in Table 6.9, the BESIII projection corres-
ponds to Ry ~ 1077 This result would be several orders of
magnitude lower than the existing data shown in Fig.
6.4(a). Using all data samples with large integrated lu-
minosity (=500 pbfl) for each collision energy at BESIII,
and by varying the charge of F, better constraints on the
parameters of fractionally charged particles are expected.
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Chapter 7
Summary

The BESIII experiment has been running very suc-
cessfully since 2009, and has now collected around
30fb~! of integrated luminosity at a variety of critical en-
ergy points. The physics output to date comprises more
than 270 papers in highly-ranked peer-reviewed journals,
including one publication with more than 500 citations
[1], and three others with more than 250 citations [2-4].
BESIII is now recognized as one of the leading experi-
ments in hadronic physics in the world, and has made
many significant measurements that are important entries
in the Review of Particle Physics [5].

Noteworthy areas of study have included the spectro-
scopy of hadronic states containing the charm quark, the
spectroscopy of light-hadron states produced in the de-
cay of charmonia, and open-charm physics. Other signi-
ficant results have been achieved in the precision tests of
SM, checks of various predictions of QCD, and probes
for new physics beyond SM.

The outstanding physics output has been enabled
through the interplay between the well-running accelerat-
or and the superb capabilities of the BESIII detector,
which have allowed for new programs of operation and
studies never previously attempted, for example high pre-
cision energy scans. Open questions have been answered,
but new ones have arisen, which require higher precision
measurements and even larger data sets. This require-
ment, therefore, provides compelling motivation for an
extended running program, accompanied by upgrades to

Table 7.1.

both the machine and the detector to deliver optimal per-
formance.

BESIII has a crucial and unique role to play in the
world-wide effort to explore and characterize the behavi-
or of QCD in the non-perturbative regime, which is one
of the least understood areas of SM. BESIII is the only
hadron-physics experiment in the world that exploits
electron-positron annihilation in the 7-charm energy re-
gion.

Globally, new experiments are starting to run or are
planned. Belle II in Japan runs at a higher energy; the
JLab experiments GlueX and CLAS12 in the USA use
photon and electron beams, respectively; LHCb at CERN
studies proton-proton collisions, and PANDA in Ger-
many will be a fixed-target experiment with antiproton
beams. Given the complexity of the underlying physics,
all these complementary approaches are necessary to
tackle the unsolved problems in our understanding of the
strong interaction. The active and planed experiments
highlight the importance of the physics that BESIII stud-
ies and excels at.

With more data BESIII can address many critical
questions regarding charm physics. The study of leptonic
and semileptonic charmed-hadron decays can greatly im-
prove our knowledge of the decay constants, CKM mat-
rix elements, form factors, and lepton flavor universality.
LQCD, which plays a central role in these analyses, can
be validated through stringent tests. Quantum-correlated

List of data samples collected by BESIII/BEPCII up to 2019, and the proposed samples for the remainder of the physics program. The right-

most column shows the number of required data taking days with the current (7¢) and upgraded (7Ty) machine. The machine upgrades include top-up

implementation and beam current increase.

Energy Physics motivations Current data Expected final data Tc/ Ty
1.8-2.0 GeV R values Nucleon cross-sections N/A 0.1 fb ' (fine scan) 60/50 days
2.0-3.1GeV R values Cross-sections Fine scan (20 energy points) ~ Complete scan (additional points)  250/180 days

J/y peak Light hadron & Glueball J/y decays 321 (10 billion) 32" (10 billion) N/A
¥(3686) peak Light hadron & Glueball Charmonium decays 0.67 fb ' (0.45 billion) 451b " (3.0 billion) 150/90 days
¥(3770) peak D°/D* decays 291" 200 b 610/360 days
3.8-4.6 GeV R values XYZ/Open charm Fine scan (105 energy points) No requirement N/A

4.180 GeV Dy decay XyZz/Open charm 321" 6o 140/50 days
40-46Gey XYZ/Open charm Higher charmonia cross-sections 16.0 fb " at different /s 30 fb ' at different /s 770/310 days
4.6 -4.9 GeV Charmed baryon/XYZ cross-sections 0.56 fb ' at 4.6 GeV 15 fb ' at different v/s 1490/600 days

4.74 GeV ¥ A, cross-section N/A 1.0 100/40 days

491 GeV %%, cross-section N/A 1LOfb" 120/50 days

4.95 GeV E, decays N/A 1.0 b 130/50 days
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DYDY production, accessible only at BESIII, permits
strong-phase measurements which are a necessary and in-
valuable input to CP-violation studies at other facilities.
Recent BESIII progress in mapping out the decay modes
of A. will be expanded to include the currently missing
channels, and new data involving e*e™ production of
charmed baryon pairs will provide information about the
form factors in the time-like domain.

In Table 7.1, we present the current data samples
available at BESIII and the samples needed to execute the
physics program presented in this White Paper. To meet
all requirements would mean another 12 years of opera-
tion assuming current BEPCII luminosity performance,
and the collection by BESIII of another 56fb~! of integ-
rated luminosity.

The BESIII physics goals laid out herein will benefit
greatly from the improved BEPCII e*e™ collision lumin-
osity. The accelerator group is strongly encouraged to im-
plement top-up injection and to operate BEPCII close to
the peak instantaneous luminosity in order to achieve

overall integrated luminosity improvement, and develop
an effective upgrade plan to further enhance the luminos-
ity performance and energy range. With these efforts,
BESIII can achieve its science goals in less than 12 years,
as estimated in this White Paper. It would be reasonable
to conclude that BESIII can continue for 10 more years
with a high quality physics program. It is important that
the collaboration allocates resources to evaluate the status
of the detector system, develop upgrade plans, optimize
the data taking strategy and maximize the physics output
of the experiment.

The authors thank the international review commit-
tee: Alexander E. Bondar (Chair), Cesare Bini, Kuang-
Ta Chao, Shaomin Chen, Marco Gersabeck, Marek Kar-
liner, Giovanni Passaleva and Yoshihide Sakai, for their
great effort in reviewing the program and providing valu-
able comments and suggestions to improve this White Pa-
per. The BESIII collaboration thanks the staff of BEPCII
and the IHEP computing center for their strong support.
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