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Preface: special topic on physics of the BESIII experiment

Yifang Wang

The Beijing electron positron collider (BEPC) was constructed
in the 1980s and its upgraded version (BEPCII) with a center-
of-mass energy region of 2-5 GeV and a maximum lumi-
nosity of 1 x 10% cm™2 s™! started operation in 2008. The
colliding events are recorded by a newly designed detector,
called the Beijing spectrometer (BESIII), based on state-of-the-
art technologies. Physicists working at the BESIII experiment
formed the BESIII Collaboration in 2005, which is a large in-
ternational collaboration consisting of more than 500 physi-
cists from 80 institutions in 17 countries. Over the course of
more than ten years, about 400 physics papers have been pub-
lished in internationally renowned journals covering a large
variety of physics topics and notable achievements, including
the following.

* Discovery of the ‘four-quark matter’ Z,(3900), Z.(4020) and
Z,,(3985), the fine structure of Y(4260) and a new production
mode for X(3872).

* Precision measurements of the standard model (SM) param-
eters, the T-lepton mass and |V| and |V CKM matrix
elements.

* A huge sample of J/{ decays have provided a deeper un-
derstanding of the glueballs, the resonant structures at the
proton-antiproton mass threshold, as well as possibilities of
searching for other light exotic hadrons.

* Precision measurements of low-energy e¢"e™ annihilation
cross sections and complex phases in D-meson decays provide
important input for experiments at other energies, and mea-
surements of the purely leptonic and semileptonic decay rates
of D and D, mesons provide sensitive tests of lattice QCD
calculations.

¢ The discovery of the polarization of hyperons produced in
J/ ¥ decays provides new and unique opportunities for high-
sensitivity searches for non-SM sources of CP violation.

* Investigations of time-like electromagnetic form factors of
nucleons, A, and A, baryons revealed unexpected thresh-
old behaviors and motivated measurements for other stable
baryons.

A collection of review articles in this issue of the jour-
nal will cover some of the most important results and future
prospects for the next ten years, including charm physics, char-
monium and charmonium-like exotic states, light hadron spec-
troscopy, QCD studies with light meson decays, properties of

baryons and new physics searches. These represent the advance-
ment of our understanding on tau-charm physics in the last
decades. An interview with Luciano Maiani, who proposed the
existence of the charm quark and was the Director General
of CERN from 1999 to 2003, is also included in this Special
Topic.

BEPCII was originally intended to operate at a variety of
energy points in accordance with the physics plan that was
articulated in its 2009 yellow book [1]. To date, BESIII has
accumulated 10 billion ]/ events, 3 billion 1/ (2S) events, an
integrated luminosity of 3 fb™! at the 1/(3770) resonance and
about 25 fb~! at energies above ¥ (3770), as was collected in the
BESIII physics book in 2020 [2]. An upgrade that would in-
crease the center-of-mass energy from 5 to 5.6 GeV and
dramatically increase the luminosity at higher energies was
requested by BESIII/BEPCII as part of their proposed program
for the next decade [2] and was approved recently by the
Chinese Academy of Sciences (CAS). With data from the next
three years and more data after the upgrade, BESIII is able to
measure charm decays with a three-fold improvement in the
precision and to investigate the 4.7-5.6 GeV energy region that
has been barely touched previously. The latter opens a window
for new exotic hadrons with charm quarks.

BESIII as the world’s premier experiment for physics in the
charm and tau energy region is an exemplary, large-scale and
ever-expanding international collaboration that is paving the
way for Chinese physicists to take a world-leading role in the
pursuit of a basic understanding of nature.
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PHYSICS

Special Topic: Physics of the BESIII Experiment
Highlights of light meson spectroscopy at the
BESIII experiment

Shan Jin'* and Xiaoyan Shen?3-*

ABSTRACT

Hadron spectroscopy provides a way to understand the dynamics of the strong interaction. For light hadron
systems, only phenomenological models or lattice quantum chromodynamics (QCD) are applicable,
because of the failure of perturbation expansions for QCD at low energy. Experimental data on light hadron
spectroscopy are therefore crucial to provide necessary constraints on various theoretical models. Light
meson spectroscopy has been studied using charmonium decays with the Beijing Spectrometer Experiment
(BES) at the Beijing Electron-Positron Collider, operating at 2.0-4.6 GeV center-of-mass energy, for nearly
three decades. Charmonium data with unprecedented statistics and well-defined initial and final states
provide BESIII with unique opportunities to search for glueballs, hybrids and multi-quark states, as well as
perform systematic studies of the properties of conventional light mesons. In this article, we review BESIII

results that address these issues.

Keywords: hadron, spectroscopy, charmonium, meson, glueball, hybrid, multi-quark state

INTRODUCTION

Our knowledge of mesons and, in parallel, our un-
derstanding of the strong interactions have under-
gone several major revisions. Mesons were first in-
troduced when Yukawa [1] predicted the existence
of pions as the exchange boson responsible for the
strong interaction between nucleons. Later, more
and more mesons and baryons showed up in cosmic
ray and high-energy accelerator experiments. It was
eventually realized that light hadrons, mesons and
baryons of a given J°* are arranged in representa-
tions of the SU(3) group, and this led to the quark
model by Gell-Man and Zweig [2,3]. In the quark
model, hadrons are, in fact, objects that are com-
prised of constituent spin—% fermions, called quarks.
Constituent quarks are valence quarks for which
the correlations for the description of hadrons by
means of gluons and sea quarks are put into effec-
tive quark masses of these valence quarks. Mesons
are made of quark-antiquark (g4 ) pairs and baryons
are made of three quark (qqq) combinations. With
this simple quark scheme, the qualitative proper-
ties of hadrons were explained quite well. However,

serious problems with the Pauli exclusion principle
occurred for some of the quark wavefunctions. This
problem was solved when Greenberg [4] pointed
out that quarks had another quantum number that
was subsequently named ‘color’. But still, consid-
erable skepticism about the quark model persisted,
primarily due to the fact that isolated quarks were
never observed. This situation changed when the re-
sults from deep inelastic scattering of electrons on
protons and bound neutrons [5] came out in 1968,
indicating the presence of hard and point-like com-
ponents in neucleons, and the discovery of /1y was
reported in 1974 [6,7], which was interpreted as the
bound state of a new heavy quark ‘charm’ and its
antiquark, as proposed by Glashow et al. [8]. Sub-
sequent experimental and theoretical developments
proved to be convincing evidence that quarks were
real objects and the fundamental building blocks of
hadronic matter.

The constituent quark model (CQM) proposed
by Gell-Mann and Zweig was able to reproduce
the charmonium spectrum and describe the phe-
nomenology of meson and baryon spectroscopy
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rather well. However, problems remained. The well-
accepted theory of the strong interaction is quantum
chromodynamics (QCD) [9,10], a non-Abelian
gauge-field theory that describes the interactions of
quarks and gluons and has the features of asymptotic
freedom and confinement of quarks. For the light
scalars, such as fo(500), the dispersive formalisms,
which are shown to follow from first principles, de-
termine the mass and width of f5(500) within small
uncertainties [11,12]. For the mesons containing at
least one heavy (c or b) quark, the simulations using
non-relativistic QCD or heavy quark effective the-
ory, which expanses the QCD Lagrangian in pow-
ers of the heavy quark velocity, or the heavy quark
mass, have become a high-precision task [13-15].
However, first-principle computations, directly from
the QCD Lagrangian, of hadron properties for light
hadrons are difficult, due to the failure of perturba-
tion expansions for QCD atlow energies. As a result,
our knowledge of light hadrons mainly relies on ei-
ther QCD-based phenomenological approaches or
lattice QCD (LQCD) calculations. Lattice calcula-
tions of QCD are a major source of information
about QCD masses and matrix elements. A review
of the hadron spectrum from lattice QCD can be
found in the review of the quark model in Particle
Data Group 2020 (PDG 2020) [16] and in [17].
Aside from the conventional g4 mesons and qqq
baryons in the CQM, QCD-based models also allow
the possible existence of bound states that are made
of only gluons, i.e. so-called ‘glueballs’. Furthermore,
it is also possible to form multi-quark hadrons, with
the number of quarks larger than three, and ‘hybrids’
that contain both q 4 /qqq and at least one gluon (g)
as its constituents, g4 g/qqqg. All of these uncon-
ventional states, so-called new forms of hadrons, if
they exist, will greatly enrich the spectra of mesons
and baryons, and shed light on the dynamics of
long-distance QCD. In the past decades, despite the
fact that LQCD has experienced dramatic improve-
ments together with rapid developments in comput-
ing resources, there still remain many technical diffi-
culties in the extraction of precise properties of glue-
balls, hybrids and multi-quark states in LQCD calcu-
lations. Moreover, these new forms of hadrons may
have JF€ that are the same as those of CQM states
and thus mix with conventional hadrons, which
makes their identification more complicated. Still,
searching for unconventional hadrons, such as glue-
balls, hybrids and multi-quark states, as well as in-
vestigating their spectra in experiments have been
important subjects of modern (intermediate) high-
energy physics for many decades. In particular, the
observations of new hadron candidates, XYZ states
with heavy quarks in the past decade, have drawn
further attention in this field.
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Many experiments have been dedicated to
studies of light hadron spectroscopy. In recent
years, charmonium data samples with unprecedent
statistics were accumulated by the Beijing Spec-
trometer (BESIII) at the Beijing Electro-Positron
Collider (BEPCII), and these provide numerous
opportunities for investigating light hadrons
produced in charmonium decays. In this article,
the highlights on studies of glueball and hybrid
candidates, and searches for the multi-quark states
from J/y decays by the BESIII experiment are
reviewed.

STUDY OF THE GLUEBALL CANDIDATES

The CQM has had considerable success in pre-
dicting the spectrum of hadrons and their decay
properties. However, CQM is only a phenomeno-
logical model, and it is not derived from the under-
lying QCD theory of the strong interaction. There-
fore, the CQM spectrum is not necessarily the
same as the physical spectrum in the QCD theory.
QCD-based phenomenological models, such as bag
models [18-21], flux-tube models [22,23], QCD
sum rules [24-27] and LQCD [28-31] can make
predictions of the masses and other properties of
glueballs. Of them, the only first-principle calcula-
tions of spectroscopy from QCD is LQCD.

In the early years, most of the LQCD calcula-
tions of the glueball spectrum were confined to the
quenched approximation in which internal quark
loops are neglected. Figure 1(a) shows the results of
the glueball spectrum for the lightest glueballs from
quenched calculations [31]. The lowest glueball
is a J° = 0™ scalar state with mass in the range
1.5-1.7 GeV/c?; the next lightest glueball is a
JP€ = 2%T tensor state with mass around
2.4 GeV/c* For the lightest ' = 0~ " pseu-
doscalar glueball, the LQCD calculated mass is
above 2.3 GeV/c?. In recent years, the lattice
calculations of the glueball spectrum with dy-
namical light quarks and high statistics appeared
[32,33]. Figure 1(b) shows the unquenched re-
sults for the glueball spectrum from [32], along
with comparisons to the quenched lattice cal-
culation of [30] and to experimental isosinglet
mesons. The effects of quenching seem to be small,
and the quenched and unquenched predicted
masses for the lightest glueballs are close to each
other.

As for glueball couplings and decay rates, we
still lack first-principle theoretical predictions,
although some expectations [34] from phenomeno-
logical models for a glueball with conventional
quantum numbers can provide useful guidance
for distinguishing a glueball candidate from a
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Figure 1. (a) The mass spectrum of the lightest glueball states predicted from quenched
LQCD calculations [31]. (b) The mass spectrum of glueball states predicted from un-
quenched LQCD [32]. The open and filled circles are the full QCD calculation of glueball
masses, with larger and smaller lattice spacing, respectively. Squares are the quenched
calculations for glueball masses of [30]. The bursts labeled by particle names are

experimental states.

conventional hadron, such as

¢ well-established states that lack a close corre-
spondence or a clear assignment to quark model
nonets;

¢ enhanced production in gluon-rich processes,
such as ]/ radiative decays, pp central produc-
tions and p p annihilations;

¢ flavor blindness of glueball decays—since glue-
balls are SU(3) flavor singlets, they are expected
to couple equally to u, d and s quarks;

¢ the production of glueballs in two-photon colli-
sions and the decay of glueballs into two-photon
final states are expected to be suppressed, since
gluons are electrically neutral.

On the other hand, the properties of glueballs are
not expected to be significantly different from those
of conventional hadrons. These make the identifica-
tion of a glueball more complicated and difficult.

The scalar and tensor
glueball candidates

The scalar and tensor meson spectra have been stud-
ied in many reactions, including pion induced reac-
tions 7w ~p [35], p p annihilations [36-39], central
pp collisions [40-42] and the decays of ¥ (2S) [43],
J/¥ [44-52], B [S3], D [54], ¢ [55] and K [56]
mesons, as well as two-photon processes [57]. An at-
tractive and important feature in the study of two-
pseudoscalar systems, such as 777, K K and 17, in
radiative J/1 decays is the simplicity in the partial
wave analysis (PWA), a generally accepted method
of amplitude analysis to determine the spin pari-
ties of intermediate states in decay processes. Con-
servation of parity in strong and electromagnetic
interactions, as well as the conservation of angu-
lar momentum, restrict the quantum numbers of
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the pseudoscalar-pseudoscalar pairs. Thus, for pseu-
doscalar pairs produced in J/v radiative decays,
only amplitudes with even angular momentum and
positive parity and charge conjugation quantum
numbers are accessible (J°¢ = 07+, 21+ 47+ etc.).
While in the two-vector systems (¢¢, ww, etc.) in
]/ radiative decays, pseudoscalar, scalar and tensor
mesons with the masses higher than 2 GeV/c? canbe
accessed.

The scalar resonances f,(1500) and f,(1710) are
main competitors for the lightest 01 glueball can-
didates, since they are copiously produced in gluon-
rich processes and both have masses that are near the
LQCD predicted values. The inclusion of data from
radiative /v decays provides a source that is com-
plementary to hadronic production experiments.

Radiative J/v decays to 7 ¥~ and 7°7° have
been studied by the MARKIII [44], DM2 [45],
Crystal Ball [46] and BES [58,59] experiments.
Based on a sample of 1.3 x 10° J/v events ac-
cumulated with the BESIII detector [60], J/¢ —
ym°7® decays [S8] were used to study fo(1500)
and f,(1710). The 7°7° invariant mass spectrum
for the selected J/v — ym°7® events is shown
in Fig. 2(a) as the black dots with error bars. A
strong well-known f,(1270) signal, a shoulder on
the high mass side of f,(1270), an enhancement at
~1.7 GeV/c* and a peak at ~ 2.1 GeV/c? are ev-
ident. A mass-independent PWA was performed,
where the amplitudes for radiative J/v decays to
7070 are constructed in the radiative multipole ba-
sis, as described in detail in Appendix A of [58]. The
components of the 7w v amplitude were measured in-
dependently for many 77 invariant mass intervals.
This provides a piecewise complex function that de-
scribes the 77w dynamics with minimal assumptions.
Figure 2(b) shows the intensities for the 07+ ampli-
tudes as a function of Moo that are determined by
the mass-independent PWA, where there are signifi-
cant 0™ structures just below 1.5 GeV/c* and near
1.7 GeV/c%. In the mass-dependent PWA, the s de-
pendence of the 77 interaction (where s is the in-
variant mass squared of the two pions) is parameter-
ized as a coherent sum of resonances, each described
by a Breit-Wigner line shape with resonance prop-
erties, e.g. the mass, width and branching fraction,
that are extracted from the fit. The preceding BESII
experiment [61] performed a mass-dependent PWA
inJ/¥ — yntn~ and yn°7°, using relativistic co-
variant tensor amplitudes constructed from Lorentz-
invariant combinations of the polarization and
four-momentum vectors of the initial- and final-state
particles, with helicity +1 ]/ initial states [62].
The PWA results [ 59] show similar features as those
extracted from the BESIII mass-independent PWA
[58]. The measured product branching fractions for
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Figure 2. (a) The M,o0,0 invariant mass spectrum after all selection criteria have been applied. The black markers represent the data, while the
histograms are the backgrounds from Monte Carlo simulations. (b) The PWA-determined intensities for the 07+ as a function of M_0,0 (only statistical

errors are presented).

Table 1. The product branching fractions for B(J/¢¥ —
y X) x B(X — M; M,) in different decay channels.

f0(1500) fo(1710) £(2340)
(107%) (107%) (107%)
T 1.01 £0.30 4,00 & 1.00

KR 6364064197 80,00+ 207120 5 54+034+38
+0.26 +0.51 +1.30 + 12.40 +0.62 +2.37
nm 1.65 7051 Dra0 23507100 Ty 560156 g

+0.72
b 19140147572

f0(1500) and fo(1710) decaying to 77 are listed in
Table 1.

Scalar and tensor glueball candidates were also
studied with J/v radiative decays to 71 and K K.
Using 2.25 x 10°J/4 events collected with the
BESIII detector, the decays of J/{ — ynn were
investigated [63]. The black points with error bars
in Fig. 3(a) show the invariant mass distributions
of nn for the selected y nn candidates, where peaks
around 1.5, 1.7 and 2.1 GeV/c* are apparent. A
mass-dependent PWA was carried out, and the re-
sults indicate that the peak at around 1.5 GeV/c?
is mainly from the well-established tensor state

£5(1525) with some contribution from £,(1500).
The statistical significance of the f,(1500) signal is
80 . The peaks around 1.7 and 2.1 GeV/c?* are dom-
inated by £o(1710) and £o(2100), respectively, and
the significance for the presence of a tensor f,(2340)
state is 7.6 0. The red histogram in Fig. 3(a) shows
the PWA fit projection with all of the components
included, which agrees well with data. The green and
blue histograms in Fig. 3(a) represent the contribu-
tions from 07+ and 211 components, respectively.
A study of the KgKg system produced in radia-
tive J/y decays was performed [64] using 1.3 X
10° J/4 decays collected by the BESIII detector.
The black dots with error bars in Fig. 3(b) show
the invariant mass spectrum of KgKs for the se-
lected y KsK; events. Three significant peaks in the
KK mass spectrum around 1.5, 1.7 and 2.2 GeV/c?
are observed. A mass-dependent amplitude analysis
was applied to extract the parameters and product
branching fractions of the resonances that parame-
terized the KgKj invariant mass spectrum as a sum
of Breit-Wigner line shapes. In addition, a mass-
independent analysis was performed to obtain the
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Figure 3. (a) The 7 invariant mass distributions for the selected y nn candidates. (b) The KsKs invariant mass distributions

for the selected y KsKs candidates. In both plots, the black

points with error bars are data, the green and blue histograms

are contributions from the 07+ and 2™, respectively, and the red histogram is the PWA fit projection of all contributions.
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Figure 4. (a) and (b) The ¢¢ invariant mass distributions for the selected y ¢¢ candi-
dates. The black points with error bars are data. The red short-dashed histogram in (a)
shows the phase space shape from a Monte Carlo (MC) simulation. The green short-
dashed, the red dash—dot and the blue long-dashed histograms in (b) are the coherent
superpositions of the Breit-Wigner (BW) resonances with J* = 0—+, 0** and 2*+,
respectively, and the red solid histogram in (b) shows the total contribution from all
components.

function that describes the dynamics of the KsKg
system while making minimal assumptions about
the properties and number of poles in the ampli-
tudes. The two approaches give consistent results.
The red histogram in Fig. 3(b) shows the PWA fit
projection for all components, which agrees well
with data. The green and blue histograms represent
the contributions from the 07+ and 2" compo-
nents, respectively. The dominant scalar contribu-
tions come from f,(1500), f,(1710), and f5(2200).
The tensor spectrum in [/ — yKsKs is domi-
nated by the well-known f; (1525). However, an ad-
ditional f,(2340) is needed in the fit.

The measured product branching fractions for
the £o(1500) and fo(1710) scalars and the f,(2340)
tensor in J/¢¥ — ynn and yKsK; are listed in
Table 1. In both decay modes, the product branch-
ing fractions for f,(1710) are about an order of mag-
nitude larger than that for fo(1500). A contribution
from f,(2340) is needed in both the J/¥ — ynn
and J/1 — y KsKs channels. The mass of the tensor
state f,(2340) is consistent with the LQCD predic-
tion for a pure tensor glueball.

The ¢¢ invariant mass distribution for selected
radiative J/¢¥ — y@¢ decay events [65], from
the same 1.3 x 10° ]/ data sample, is shown
as black dots with error bars in Fig. 4(a). A dis-
tinct 7, signal and clear structures at lower ¢¢ in-
variant masses are observed. Both mass-dependent
and mass-independent PWA were performed for
the M(¢p¢) < 2.7 GeV/c? region with results that
are consistent. In addition to three dominant 0~"
pseudoscalar states (2225), 7(2100) and X(2500),
three tensors, £,(2010), £,(2300) and f,(2340),
and one scalar f,(2100) contribute significantly
in the PWA fit. The green short-dashed, the red
dash-dot and the blue long-dashed histograms in
Fig. 4(b) show the coherent superpositions of the
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Figure 5. The comparison of the product branching fractions
in different processes.

Table 2. The production rates of f(1500) and £(1710)
in J/v radiative decays from experiments and LQCD
calculations [66].

B(J /¥ — y scalar

B(J /¥ — B(j /¥ — glucball)
v f0(1500)) y f0(1710)) (LQCD calculation)
(1073) (1073) (1073)
~0.29 ~22 3.8(8)

Breit-Wigner resonances with J** = 0~", 07 and
2+, respectively from the model-dependent PWA
fit, and the red solid histogram shows the total con-
tribution from all components, which is in good
agreement with data. The statistical significance of
£(2340) —> ¢ is 11o.

We show a comparison between the product
branching fractions for the scalar glueball candidates
£0(1500) and £o(1710) in different decay modes in
Fig. S.

By taking B(fo(1500) - 7)) =
(349423)% and B(fo(1710) - KK) =
(36.0 £ 12.0)% from the PDG tables, together
with BES product branching fraction results, we
determine the f5(1500) and f5(1710) production
rates in ]/ radiative decays. A comparison of the
measured production rates with those obtained
from LQCD calculations for a scalar glueball is
given in Table 2.

The production rate for f,(1710) in gluon-rich
J/ W radiative decays is close to LQCD calculations
for a scalar glueball and is about an order of magni-
tude larger than that for f, (1500). This might suggest
that f5(1710) has a larger gluonic component than
£0(1500). Studies of f5,(1500) and fo(1710) produc-
tion in other gluon-favored and gluon-disfavored
processes will be crucial to conclusively establish
the scalar glueball. For the £,(2340) tensor state,
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the LQCD prediction for the production rate of a
pure-gauge tensor glueball in radiative /v decays
[67] is FTensarGluehall/Ftatul = 1-1(2) X 10_2- The
presence of f,(2340) in the 7 [63], KsKs [64] and
¢¢ [65] final states suggests that f, (2340) mightbe a
candidate for the tensor glueball. However, the cur-
rent measured production rate for f,(2340), based
on the observed 77, K K and ¢¢ modes alone, ap-
pears to be substantially lower than that obtained in
the LQCD calculation. Searches for additional decay
modes of f,(2340) are needed.

Pseudoscalar states

The ground states of the I = 0,J°¢ = 0" pseu-
doscalars are the 7 and 7’. The small number of ex-
pected radial excitations for 0™V states in the quark
model provides a clean and promising environment
for the search of pseudoscalar glueballs.

n(1405/1475)

A pseudoscalar state around 1440 MeV/ e,
1n(1440), was first observed in pp annihilation at
rest into 17(1440)7 7~ with n(1440) — 7w~
and K K7 [68], and further observed in the 7 ~p
process [69,70] and J/ radiative decays [71,72].
Considerable theoretical and experimental efforts
have been made to try to understand its nature.
It was proposed as a candidate for a pseudoscalar
glueball [73,74], due to its copious production
in gluon-rich processes. However, the measured
mass is much lower than that obtained from lattice
QCD calculations, which is above 2.3 GeV/c? [31].
Subsequent experiments produced evidence that
this state was really two different pseudoscalar
states, 77(1405) and 7(1475). The former has large
couplings to ay(980)7 or direct K K7, while the
latter decays mainly to K*(892)K. A detailed
review of the experimental situation can be found
in the review by PDG2020 for pseudoscalar and
pseudovector mesons in the 1400 MeV region
[16] or in [75]. However, it remains controversial
whether one or two pseudoscalar mesons exist in
this mass region. Klempt et al. [76] claimed that the
splitting of a single state could be due to nodes in
the decay amplitudes that differ for the nwm and
K*(892)K channels.

With 2.25 x 10% J/v events collected with the
BESIII detector, the decays of J/¢ — ymtn~m°
and y37° were studied [77]. The isospin-violating
decay 7(1405) — fo(980)7° was observed
for the first time with a statistical significance
larger than 100 in both the charged (f,(980)
— 7wt~ Fig. 6(a)) and neutral (f,(980) —
7°7°% Fig. 6(b)) modes. The isospin violating

ratio  B(n(1405) — £,(980)7° — ntn~x0)
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to  B(1n(1405) — a0(980)7° — nxTw™) s
(17.9 £ 4.2)% [16,77,78], which is an order of
magnitude larger than the aJ(980) — £,(980)
mixing intensity (less than 1%) that was measured
by BESIII [79].

The anomalous large isospin violations in
J/¥ — yn(1405/1475) — y7°£,(980) — y3m
stimulated many theoretical efforts to understand
the nature of 7(1405/1475). With the assumption
that only one 0~ exists around 1.4 GeV/c?, the
triangle singularity mechanism was found to play a
more dominant role than ay(980) — £o(980) mixing,
and it can produce the anomalously large isospin
violations in 1(1405) — 77~ 7, according to
[80,81].

The 1(1405/1475) state was also observed in
J/¥ decays to y17(1405/1475) and 1(1405/1475)
— y¢, with 1.3 x 10° /v events at BESIIT [82].
The observation of 7(1405/1475) — y ¢ indicates
that 7(1405/1475) contains a sizable s § component
and this does not match very well to the expectations
for a pseudoscalar glueball.

X(2370)

The mass for the lightest pseudoscalar glueball is ex-
pected to be higher than 2.3 GeV/c? from LQCD
calculations, while the existence of any pseudoscalar
states above 2.0 GeV/c? is not well established ex-
perimentally. In J/¥ — yn'mT 7~ decays at BE-
SIII [83], the observation of X(1835) by BESII [84]
was confirmed, as is shown in Fig. 7(a) (to be dis-
cussed in detail in the next section) in the 'zt~
invariant mass distribution. In addition, two addi-
tional states, X(2120) and X(2370), are observed
with statistical significances larger than 7.20 and
6.40, respectively. The mass of the X(2370) state
is measured to be M = 2376.3 & 8.7 MeV/c
from a one-dimensional fit. The X(2370) state has
been further confirmed in the ' K K invariant mass
distribution in ]/ radiative decays (shown in
Fig.7 (b)) [85] with a statistical significance of 8.30'.
The fitted masses of X(2370) in the two decay modes
agree with each other, and coincide with the mass of
the lightest pseudoscalar glueball from LQCD cal-
culations, which makes X(2370) a candidate for the
lightest pseudoscalar glueball. However, it is crucial
to determine its spin parity and observe it in more
decay modes before this conclusion can be firmly
established.

SEARCH FOR HYBRID STATES
WITH EXOTIC QUANTUM NUMBERS

Hybrid states are color-singlet combinations of
constituent quarks and gluons, such as a g4 g state.
Evidence for the existence of hybrid states would
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be direct proof of the existence of gluonic degrees
of freedom in hadrons. Low mass hybrids have the
additional attraction that, unlike low-lying glueballs,
they could have exotic J*° quantum numbers, in
which case they would not mix with conventional q 4
states. This exotic quantum number signature for hy-
brid states allows for the unambiguous identification
of hybrids.

The observation of isovector 1~ exotic hybrid
candidates, i.e. 71(1400) and 7, (1600), which de-
cay into different final states, such as nm, n'z,
£1(1285)7, b;(1235)7 and prm, were reported in
different reactions. The evidence for 7,(2015) has
also been reported. Reviews of the experimental
status on these isovector 1~ exotic states can be
found in [16,76,86-88]. With 4.48 x 10° 1/(3686)
events collected with BESIII, an amplitude analysis
is applied to ¥ (3686) — y 1, xa — nr 7~ to
search for 77, (1400), 7, (1600) and 77 ; (2015) [89].
Figure 8 shows the 17 invariant mass, compared
with results of an amplitude analysis fit (solid curve)
with various corresponding amplitudes (dashed and
dotted lines). There is no significant 1~ state in
the nmr invariant mass spectrum, and upper limits
for the branching fractions x. — m; (1400)* 7 ¥,
¥ — m1(1600)T7 ¥ and x4 — 7,1(2015)* 7T,
with subsequent 77; (X)* — nr ¥ decay, are estab-
lished. BESIII searches for isovector exotic states in
1’7 invariant mass spectra are ongoing.

There is no evidence for the existence of isos-
inglet 177 states. The theoretical predictions for
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their main decay modes are f; (1285) 7, a;77 and 17/,
etc. [90-93]. The 10 billion J/1/ events that were
recently accumulated by BESIII provide an ideal
laboratory for the search for such states.

NEW HADRONS NEAR

THE PROTON-ANTIPROTON

MASS THRESHOLD

An  anomalously  proton-antiproton  (pp)
mass threshold enhancement, X(pp), was

first observed by BESII in ] /¢ — ypp de-
cays [94] (Fig. 9) and later confirmed by
BESIII [95] and CLEO [96]. This strong en-
hancement was subsequently determined to have
spin parity J* = 0~ by BESIII [97], with a mass
of M =1832 fég stat.) fig (syst.)£19 (model)
MeV/c* and width of ' < 76 MeV/c* at the
90% C.L. The non-observation of X(pp) in
J /¥ — wpp indicates that the pure final-state
interaction (FSI) interpretation is disfavored for
this structure [98]; however, FSI effects should be
included in the fit of the p p mass spectrum near
threshold and they have significant impact on the
parameters of the X (p p) resonance [97].

The X(1835) state was first observed by the
BESII experiment as a peak in the n’7¥7~ in-
variant mass distribution in J/¥ — yn'mTmw~
decays [84] (Fig. 10). It was later confirmed by
BESIII studies of the same process [83] (Fig. 7)
with mass and width measuredtobe M = 1836.5 +
375%MeV/c? and T = 190 & 9 4_'22 MeV/c?%; the
X(1835) state was also observed in the KgKgn
invariant mass spectrum in J /Yy — y K gK (5)17 de-
cays (Fig. 11), where its spin parity was determined
to be J* = 0~ by a model-dependent PWA [99]. A
new decay mode of X(1835) decaying into y ¢ was
recently observed in [/ — yy ¢ [82].
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One of the theoretical interpretations of the na-
tures of X(1835) and X(pp) [100-105] suggests
that the two structures originate from a p p bound
state [106-110]. If X(1835) is really a p p bound
state, it should have a strong coupling to 0™ p p sys-
tems, in which case the line shape of X(1835) at the
p p mass threshold would not be described as a sim-
ple BW line shape. A study of the 7 T 77 ~ line shape
of X(1835) with high statistical precision therefore
provides valuable information that helps clarify the
natures of X(1835) and X(p p).

With 1.09 x 10°]J/v events accumulated at
the BESIII experiment, we studied the J/¢y —
yn'm T~ process and observed a significant abrupt
change in the slope of the n’7 7~ invariant mass

Page 8 of 12

‘ LI T LI T LI T T T ‘ T LI ‘ LI T ]
80F F/na=1.40 ]
70 - —4— Data E

£ —— MC projection ]

60 r Il Background 7
CE oo X(1835) ]
2 _F — . X(1560) ]
2 S0 =
s r Phase space b
s 1
40 —
é E ]
> 30 =
m L 4
20 =

10 =

0776 18 20 22 24 26 28
MKgKoSn(ch/cz)

Figure 11. Invariant mass distribution of K 2K %». The black

dots with error bars represent data, the red histograms are

the PWA projections and the blue shaded histograms show

backgrounds estimated by the 5 sideband. The contribution

of X(1835) is shown by the blue short-dashed histograms.

distribution at the proton-antiproton (pp) mass
threshold. Two models were used to characterize the
n'7 7~ line shape around 1.85 GeV/c?: one explic-
itly incorporates the opening of a decay threshold in
the mass spectrum (Flatté formula), and another is
the coherent sum of two resonant amplitudes.

In the first model, we assume that state X(1835)
couples to pp. The line shape of n'w 7~ above
the p p threshold is therefore affected by the open-
ing of the X(1835) — p p decay channel, similar to
the distortion of the f,(980) — 7 "7~ line shape
at the KK threshold. To study this, the Flatté for-
mula [111], defined below, is used to describe the
X(1835) line shape:

T= - \/Iof.)llt . ) (1)
M>—s —i ), gip

Here, T is the decay amplitude, poy is the phase
space for J/¢ — yn'mw T, M is a parameter with
the dimension of mass, s is the square of the ' t 71~
system mass, 0y is the phase space for decay mode k
and g} is the corresponding coupling strength. The
term Y, g¢ pr describes how the decay width varies
with s:

2
g -
Y gio g (Po + =5 Ppp)- )
k gO

Here, g¢ is the sum of g* of all decay modes other
than X (1835) — p p, po is the maximum two-body
decay phase space volume [16] and g ; /8 listhera-
tio between the coupling strength to the p p channel
and the sum of all other channels.
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The fit results for this model are shown
in Fig. 12(a). The fit yields gf,ﬁ/gé =
2.31 £0.37 0%

with a statistical significance
of gIZ, ; /g% being non-zero larger than 70. The
value of g; 5/ g& implies that the couplings between
the X(1835) and X(pp) final states is very large.
According to the definitions given in [112], the pole
position is determined by requiring that the denom-
inator in Equation (1) be zero. The pole that is near-
est to the p p mass threshold is found to be Mo =
1909.5 £ 15.9 (stat.) T5:' (syst.) MeV/c? and
Fpole = 273.5 £ 21.4 (stat.) 4—_241.0 (syst.) MeV//c?.
In the second model, we assume that the
distortion comes from the interference between
X(1835) and another resonance with mass close
to the pp mass threshold. A fit with a coherent
sum of two interfering Breit-Wigner amplitudes
to describe the n’T 7w~ mass spectrum around
1.85 GeV/c? is performed. This fit yields a narrow
resonance below the pp mass threshold with
M = 1870.2 & 2.2(stat.) T 53 (syst.) MeV/c?  and
'=13.0+ 6.1(stat.)t§:é(syst.) MeV/c?, with a
statistical significance larger than 7o. The fit results
for the second model are shown in Fig. 12(b).
Based on current data samples, two models fit the
data with similar fit qualities. Both fits suggest the ex-
istence of either a broad state with strong couplings
to pp, or a narrow state just below the p p mass
threshold. For the former case, its strong coupling
to p p suggests the existence of a p p molecule-like
state. For the latter case, the narrow state just below
the p p mass threshold suggests that it is an uncon-
ventional meson, possibly a p p bound state. So both
fits support the existence of a p p molecule-like or
bound state. However, more sophisticated models
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such as a mixture of the above two models cannot be
ruled out.

SUMMARY AND PERSPECTIVES

Continuous experimental efforts are being made to
search for and study glueballs, hybrids and multi-
quark states from charmonium decays, supported
by the huge statistics data samples accumulated at
BESIIL

We have found that the production rate for
f0(1710) in gluon-rich J /v radiative decays is about
an order of magnitude higher than that for £,(1500)
and is close to LQCD calculations for the pro-
duction rate of a scalar glueball, under current cir-
cumstance. This suggests that fo(1710) can have
a larger gluonic component than f,(1500). Stud-
ies of fo(1500) and f5(1710) in other gluon-favored
and gluon-disfavored processes with improved anal-
ysis techniques will be crucial to further refine this
conclusion. The mass of the f,(2340) tensor state
matches the LQCD expectation for a pure tensor
glueball. This, and its copious production in ]/
radiative decays to 71, KsKg and ¢¢, might sug-
gest that f,(2340) is a candidate of the tensor glue-
ball. However, the current measured production
rates for f,(2340) appear to be substantially lower
than LQCD expectations. Since no dominant glue-
ball decay mode can be expected, due to the fla-
vor blindness of glueball decays, searches for ad-
ditional £,(2340) decay modes are necessary. In
light of the observation of X(2370) in J/¢ —
yn'mtm~ and yn'KK, the identification of the
lowest-pseudoscalar glueball has become a recent
major focus of BESIIL In particular, the 10 billion



Natl Sci Rev, 2021, Vol. 8, nwab198

J/¥ event sample and the clean environment in
J/¥ — yn'KsKs decays will make an amplitude
analysis and the determination of the spin parity of
X(2370) possible.

In searching for hybrid states with exotic quan-
tum numbers, no significant signals for the isovector
1~ exotic hybrid candidates 7, (1400), 7r; (1600)
and 77,(2015) were seen in the 1/ (3686) — y x .1,
Xa — nmtw~ decay process with 4.48 x 108
1 (3686) events collected with BESIIL As of yet, no
evidence for an isoscalar 1~ exotic hybrid has been
found. The 10 billion /v event sample will provide
anideal laboratory for the search ofisoscalar 1~ ex-
otic hybrids in f,(1285)n, a;7 and nn/, etc. decay
channels.

In order to elucidate further the nature of the
states around 1.85 GeV/c?, more data are needed
to further study the J/yv — yn'mtm™ process.
Also, line shapes for other radiative decay chan-
nels should be studied near the pp mass thresh-
old, along with further studies of ] /Y — ypp and

J /¥ — ynKJKJ.
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ABSTRACT

Studies of light meson decays are important tools to perform precision tests of the effective field theories,

determine transition form factors and test fundamental symmetries. With very high statistics data samples,

the Beijing Spectrometer I1I (BESIII) experiment provides a unique laboratory for light meson studies and

is contributing significantly to a variety of these investigations. A brief review of recent progress in light
meson decay studied at the BESIII experiment, including detailed studies of common decay dynamics,
searches for rare/forbidden decays and new particles, is presented. Finally, together with descriptions of
different experimental techniques, prospects for future studies of light mesons are discussed in some detail.

Keywords: light meson decays, charmonium decays, ™ ¢ annihilation, BESIII detector

INTRODUCTION

The discovery of light mesons and detailed stud-
ies of their decays have played crucial roles in the
development of our understanding of elementary
particle physics. In the case of weak interactions,
important insights were gained from kaon and pion
decays, such as the observation of CP violation and
validation of the V-A structure of the theory. In addi-
tion, the discovery of strangeness inspired the SU(3)
flavor symmetry, which, in turn, gave the birth to
the quark model picture of the underlying structure
of observed particles. To date, about seven decades
since the discovery of the first light mesons (the pion
and kaon), studies of light meson decays continue to
provide opportunities for a variety of physics at low-
energy scales, including precision tests of effective
field theories, investigations of the quark structure of
the light mesons, tests of the fundamental symme-
tries and searches for new particles.

The Beijing Spectrometer III (BESIII) ex-
periment [1] collected the world’s largest
samples of 1.3 x 10° J/¢ events [2] and
4.5 x 10 1 (3686) events [3] produced directly
from e*e annihilation in 2009 and 2012. Because
of the high production rates of light mesons in the
charmonium decays, these data, in combination
with the excellent performance of the detector, offer
unprecedented opportunities to explore the light

meson decays. Moreover, the BESIII data sample of
e'e” annihilation events at energies between 2.0 and
3.08 GeV with an integrated luminosity of 650 pb~*
allows for explorations of properties of the light vec-
tor mesons, in particular the vector strangeonium

states.

PRECISION TESTS OF QCD
AT LOW ENERGIES

At high energies, QCD serves as a reliable and use-
ful theory, whereas atlow energies non—perturbative
QCD calculations are usually performed by an ef-
fective field theory called chiral perturbation theory
(ChPT). High-quality and precise measurements of
low-energy hadronic processes are necessary in or-
der to verify the systematic ChPT expansion. Thus,
studies of light meson decays are important guides
to our understanding of how QCD works in the non-
perturbative regime.

Light quark mass ratios
inn/n" — 37 decays

The decay of the 77 meson into 37 violates isospin
symmetry, which is related to the difference of light
quark masses, m, # my. Therefore, the decay of
n — 37 offers a unique way to determine the quark

© The Author(s) 2021. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http: //creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.



Natl Sci Rev, 2021, Vol. 8, nwab052

06’ Rl 1 30
Rell | |
L n o
. | []
“/‘J F m_E
2 20
g 04r 3 .
= | o sinal
S |
[ r ||
G | u
£ 4ok 10
S 02
L |
oL+ I . P SRR
0 0.2 0.4 0.6 0

M(x'7°)? ((GeV/c?)?)

Figure 1. Dalitz plot of M(mr* ) versus M (s ~70) for the
7' — mtw~x® decay, where the two clear clusters corre-
spond to the ’ — pFx* decay [17].

mass ratio Q* = (m2? — m?)/(m% —m?) (where
i = 3(mg 4+ m,)). Extensive theoretical studies
have been performed within the framework of com-
bined ChPT and dispersion theory [4-9].

In addition to the recent results from the WASA-
at-COSY [10] and KLOE-2 [11] experiments,
BESIII reported a Dalitz plot analysis of n — 37
decays [12]. The measured matrix elements are in
agreement with the most precise KLOE-2 determi-
nation and theoretical predictions. Taking experi-
mental results as input, two dedicated analyses pre-
sented the results Q = 22.0 + 0.7 [13] and Q =
21.6 & 1.1 [14]. In the near future, the study of n —
7t 7% and n — 7°7°7° decays at BESIII will
provide an independent check of these results by di-
rectly fitting to differing theoretical models.

Historically, the n’ — w7~ 7% decay was
considered to proceed via w°—7n mixing [15],
which offered the possibility of comparable strength
u — d quark mass difference from the branching frac-
tion ratio of r = B(n' — www)/B(n’ — mmn).
However, it was subsequently argued that the decay
amplitudes are strongly affected by the intermediate
resonances [16], e.g. the P-wave contribution from
n' — pm,and, thus, the u — d quark mass difference
could not be extracted in such a simple way.

In addition to the first observation of n' — pT7 T
(Fig. 1) by BESIII [17], the resonant -7 S wave,
interpreted as the broad f5(500), is also expected to
play an essential role in ' — 7 "7~ 7° decays. The
contribution of f,(500) provides a reasonable expla-
nation for the negative slope parameter of the Dalitz
plotofn’ — 77 %70 [12]. Because of limited statis-
tics, it has been impossible to differentiate between
S and D waves; larger event samples are crucial for
carrying out amplitude analyses of these processes.
Several theory groups have expressed interest in
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describing the decay using a dispersive approach.
These improved theoretical studies along with more
precise experimental measurements of /5’ — 37w
decays from a variety of experiments are expected to
improve the accuracy of the quark mass ratio.

Cusp effectin y’ — =%7% decays

In addition to the precision tests of effective theoret-
ical models, common to all " — 77y decays, the
neutral decay ’ — %77 also allows us to exam-
ine the cusp effect, i.e. an abrupt change in the 77 °
invariant mass distribution as it crosses the 2m+
threshold. An accurate measurement of the cusp
effect may enable a determination of the S-wave
pion—pion scattering lengths to high precision.

For ' — w77, BESIII results [18] are not
particularly consistent with theoretical predictions
based on the chiral unitary approach [19]. The dis-
crepancies show up as about 4 SD on some of the
parameters that are used to describe the Dalitz plot
distribution. In the case of n — 7%y, the re-
sults are in general consistent with theoretical pre-
dictions within the uncertainties and the latest re-
sults reported by the A2 experiment [20]. Because of
the limited statistics, the present results are not pre-
cise enough to firmly establish isospin violation and
additional effects, e.g. radiative corrections [21],and
the 77 /7% mass difference should be considered in
future experimental and theoretical studies.

A BESIII search for the cusp in n — nr°n°
performed by inspecting the 7°7° mass spectrum
close to the 7+~ mass threshold [ 18] revealed no
statistically significant effect. From an experimental
perspective, the available high statistics of 10 billion
J/¥ events at the BESIII experiment is expected
to increase the 1’ decay event sample by nearly an
order of magnitude. These additional data coupled
with the incorporation of recent dispersive theoret-
ical analyses [22] make investigation of the cusp
effect in this channel very promising.

Box anomaly inthe /9y — yxtn~
decay

In the vector meson dominance (VMD) model,
the main contribution to the decay ' — yw 7™
comes from 1’ — y p. However, a significant de-
viation in the dipion distribution between the the-
oretical predictions and data is observed, and this
may be attributable to the Wess-Zumino-Witten box
anomaly [23,24]. Previous measurements [25-30]
sometimes give opposite conclusions on the pres-
ence of the box anomaly term.

Recently, a precision BESIII study of ' —
ym ™ [31] found, for the first time, that a fit that
only included the components of p and w and their
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Figure 2. The results of model-dependent fits to Mz Tz ™)
with a p%-w box anomaly [31].

interference failed to describe the data; a significant
additional contribution, either the box anomaly or a
p(1450) component, is found to be necessary, as in-
dicated in Fig. 2, to provide a good description of the
data. In this case, the influence of the box anomaly
phenomenon, i.e. the presence of a well-defined con-
tact term, still requires a definite and unambiguous
demonstration.

The large and clean /1’ sample produced in
J/¥ decays at the BESIII experiment is expected
to promote the study of n/n’ — y7 7~ to an
unprecedented precision era. Along with a recently
proposed model-independent approach [32], a
combined analysis of /7’ — Y7t 7~ may present
a consistent picture for the dynamics of these
two decays.

Test of higher-order ChPT with

n/n' — yyn®and g’ — yyn decays

The n/n’ — yyn° decays are of particular inter-
est for tests of ChPT at the two-loop level. Since
light vector mesons play a critical role in these mod-
els, the dynamical role of the vector mesons has to
be systematically included in the context of either
the VMD or Nambu-Jona-Lasinio model to reach a
deeper understanding of these decays.

The n — yy7m° decay has been measured in
many experiments [33]. Of interest is that the
branching fraction of n — yyn® (84 £ 2.7 +
1.4) x 1075 [34], as reported by KLOE is approx-
imately a factor of 3 lower than that from the A2
experiment [35]. Experimentally, both the n' —
yyn® [36] and ' — yyn [37] decays were stud-
ied at BESIIIL The measured branching fractions are
in agreement with a recent theoretical calculation
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Figure 3. Fit to the single-pole form factor |F(¢?)|?, where
¢ is the square of the et e~ invariant mass [43].

based on the linear sigma model with VMD cou-
plings [38]. It was also found that the di-photon in-
variant mass dependence of the partial decay widths
differs in shape from the predictions of different the-
oreticalmodels [38]. Thus, a precision measurement
of the di-photon mass spectrum would be a more
sensitive tool for testing the reliability of theoretical
calculations than just measurements of the branch-
ing fraction. In this case, an updated measurement
for these double radiative decays using the full J/v
sample at the BESIII experiment will provide an op-
portunity to have a combined analysis that will dis-
tinguish between different theoretical models.

Transition form factors of light mesons

The n/n’ — yITI7(I = ¢, u) Dalitz decays, where
the lepton pair is formed by internal conversion of an
intermediate virtual photon and the decay rates are
modified by the electromagnetic structure arising at
the vertex of the transition, are of special interest. De-
viations of measured quantity from their QED pre-
dictions are usually described in terms of a timelike
transition form factor, which, in addition of being an
important probe into the meson’s structure [39], has
an important role in the evaluation of the hadronic
light-by-light contribution to the muon anomalous
magnetic moment (see [40] for details).

In contrast to the SND and WASA experimental
studies of n — y 171~ [41,42], BESIII has a unique
advantage in the study of Dalitz decays of both 1 and
1’ due to their high production rate in J/ radiative
and hadronic decays. BESIII reported the first mea-
surement of the et e~ invariant-mass distribution for
n — yete” [43]. It was found that the single-
pole parameterization provides a good description
of data, as illustrated in Fig. 3. The corresponding
slope parameter, b,y = 1.56 +0.19 GeV 2, is in
agreement with the predictions from different the-
oretical models [44-47] and a 1979 previous mea-
surement of ' — y T~ [48].
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The n/n' — 171711~ decays address decays via
two off-shell photons and indicate whether double
vector meson dominance is realized in nature. To

Te~eTe™ was observed

date, only the decay n — e"e"e
by the KLOE experiment [49]. The corresponding
form factor has neither been measured in the time-
like nor the spacelike region. In accordance with the
theoretical investigation in [50] of the predicted de-
cay rates of ' — eTe"eTe™ of the order of 1074,
hundreds of events are expected to be observed
by the BESIII experiment and significant progress
could be made to test the latest theoretical predic-
tion of 2.1 x 107 [51] based on a data-driven ap-
proach.

In addition, using the data sample collected
at a center-of-mass energy of 3.773 GeV by the
BESIII experiment, studies [52] show that the mea-
surements of the spacelike transition form factors
in the decay ete™ — eTe™7%(n, ') via yy inter-
actions in the range of the transfer momentum Q>
within [0.3,10] GeV/c? are feasible. It is worth men-
tioning that more data samples at 3.773 GeV and
higher are planned for the BESIII experiment. They
will be useful for the spacelike transition form factor
measurements that are complementary to the data
from other experiments and uniquely cover the Q*
range that is relevant to the hadronic light-by-light
correction for the evaluation of the muon anomaly
moment.

Cross channel effect

inw — 777’ decays

The decay w — w7~ 7 is usually employed to
investigate the @ decay mechanism by comparing a
high-statistics Dalitz plot density distribution with
theoretical predictions. In the dispersive theoreti-
cal framework [53,54], the Dalitz plot distribution
and integrated decay width are sensitive to the so-
called crossed-channel effect [ S4]. However, prior to
BESIIL, no experimental @ — 7 ¥7r ~7° data of suf-
ficient precision were available to compare with the
predictions.

Because of the high production rate of w in J/
hadronic decays, BESIII was able to perform a preci-
sion Dalitz plot analysis with a sample of 2.6 x 10°
w — wrr 70 events [55], which is about 6 times
larger than the samples in the previous work [56]
by WASA-at-COSY. It was found that the Dalitz
plot distribution of data significantly differs from the
pure P-wave phase space, and additional contribu-
tions from resonances and/or final-state interactions
are necessary. However, with the present statistics,
the experimental results are consistent with the the-
oretical predictions without the need for incorporat-
ing crossed-channel effects, which may indicate that
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Figure 4. The statistical significance of the signal scanned in
the two-dimensional space of ga,x+«- and g4k +x- [64],
where the markers indicate predictions from various illustra-
tive theoretical models. The regions with higher statistical
significance indicate larger probability for the emergence of
the two coupling constants.

the crossed-channel effect contributions are overes-
timated in the dispersive calculations. Thus, investi-
gation of this decay dynamics with higher precision
by analyzing the full J/v data sample is needed to

clarify this issue.

QUARK STRUCTURE OF LIGHT
SCALAR MESONS

The nature of the light scalar mesons f,(500),
K (800), a9(980) and f,(980) has been a contro-
versial issue for several decades. Taking into account
the observations in heavy meson decays, the exis-
tence of these scalar mesons is not controversial,
though K ;(800) is still qualified as ‘needs confirma-
tion” in the Particle Data Group listings [33]. How-
ever, the properties of these scalar mesons cannot be
understood as simple g ¢ mesons, and non-q ¢ inter-
pretations of the light scalar nonet are supported by
a variety of theoretical approaches [57-60].

Compared to scattering experiments, |/ decays
provide a clean laboratory to explore these scalar
states. At BESIII, a series of amplitude analyses were
performed to study scalar mesons decay into pseu-
doscalar meson pairs 777, KK and 7K in J/ de-
cays [61-63] that established the existence of the
£0(500) and K*(800).

At BESIIJ, the a¢(980) — £,(980) mixing effect,
an essential approach for probing their nature, was
observed for the first time in studies of /¥ — ¢nm®
and x. — 7% "7~ decays [64]. The anomalous
shape of a((980) and the very narrow f,(980) peak
produced by the mixing effect was clearly seen in the
n7° and 7 *7r ~ mass spectra. The significance of the
mixing effect was then investigated as a function of
the two coupling constants g, x+x- and g f,k+x-,
and compared with different models for the mesons’
substructure, as shown in Fig. 4. The results favor the
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tetraquark model, although other possibilities still
cannot be completely ruled out.

In addition to their production via charmonium
decays, other processes can also be used to explore
the properties of scalar mesons at BESIII, includ-
ing light meson and charm meson decays. Examples
are the prominent f,(500) contribution in y’ — 37
decays [17], and the evident effects of a¢(980) —
f0(980) mixing in an amplitude analysis of D" —
7+ 7% [65]. Scalar mesons copiously produced in
these decays are further evidence that the BESIII ex-
periment is a unique facility for understanding the
controversial nature of these particles.

PRECISION TESTS OF FUNDAMENTAL
SYMMETRIES

The 1 and 7’ mesons are eigenstates of P, C and CP
whose strong and electromagnetic decays are either
anomalous or forbidden to lowest order by P, C, CP
and angular momentum conservation. Therefore,
their decays provide a unique laboratory for testing
the fundamental symmetries in flavor-conserving
processes, which was extensively reviewed in [66].

A straightforward way to test these symmetries
is to search for P- and CP-violating 7/n’ decays
into two pions. In the standard model (SM),
the branching fractions for these modes are very
tiny [67], but they may be enhanced by CP violation
in the extended Higgs sector of the electroweak
theory [68]. The high production rate for 7’
mesons in /¢ decays enabled BESIII to report
the best experimental limit to date, 4.5 x 107*, for
B(n' — 7°7°) [69] at the 90% confidence level.
More recently, BESIII made a search for the rare
decay of n’ — 47° and reported the branching
upper limit, B(n' — 47°) < 3.8 x 10™° at the
90% confidence level, for the first time [70].

Another interesting signal for possible CP-
violating mechanisms would be an asymmetry in
the angle between the 777~ and e"e™ planes in
the /7’ rest frame, where the asymmetry would be
caused by the interference between the usual CP
allowed magnetic transition (driven by the chiral
anomaly) and a CP-violating flavor-conserving
electric dipole operator [71]. The experimental
bound on this asymmetry for n — wtmw ete,
Ap = (—0.6 £ 3.1) x 1072 [72], from the KLOE
experiment is compatible with zero. At BESII], tak-
ing into account the measured branching fraction
for n’ — nwtmw~ete, (2.11 £ 0.12 £ 0.15) x
1073 [73], about 2 x 10* events could be used to
explore the CP violation using the full data sample
of 10 billion J/v events. More recently, the ' —
w7~ utu~ decay was observed for the first time
in the BESIII experiment [74].
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Experimentally, 7/’ — 171”7 decays could
be used to test charge-conjugation invariance. In
the SM, this process can proceed via a two-virtual-
photon exchange whereas one-photon-exchange vi-
olates C parity. Within the framework of the VMD
model, the most recent predictions [75] for the
branching fraction are of the order of 10~ for n —
IT177% and 1071 for n’ — 11" 7°(n). Thus, a sig-
nificant enhancement of the branching fractions ex-
ceeding the two-photon model may be indicative of
Cviolation. With the available 10 billion ]/ events,
further improvement for these rare decays will be
achieved.

LIGHT QUARK VECTOR MESONS
IN e" e~ ANNIHILATION

Information on light vector meson decays has
been obtained from e™e” annihilations in, e.g. the
KLOE, SND, CMD-2, BaBar and Belle experiments
(see [76] for a review), where the vector mesons are
observed as the peaksin the total cross section for the
specific final states when the eTe™ center of mass en-
ergy is varied by tuning the beam energy or by the ini-
tial state radiation (ISR) process. With energy scan
data in the 2.0-3.08 GeV range, BESIII can perform
direct searches for light vector mesons, especially the
poorly studied vector strangeonium states.

The ¢(2170), previously referred to as the
Y(2175), has been established in the BaBar [77]
and BES [78] experiments, but its measured mass
and width remain controversial. There have been
a number of different interpretations for ¢(2170),
such as a conventional s§ state, a QCD hybrid,
a tetraquark state, a AA bound state or a K K
resonance state. The situation will not be clarified
without further experimental data. At BESIII, the
line shapes of the cross sections for a number of
measured channels, including eTe™ — K™K~ [79],
ete” — KTK %% [80] and eTe™ — o1’ [81],
were measured and a clear structure around 2.2 GeV
was evident in each of them. The measured widths
and masses are consistent with those from J/¢ —
@7 T~ n [82], as summarized in Table. 1. Of inter-
est is the process of ete™ — KK~ K"K~ [83],and
its dominant submode eTe™ — ¢KTK™. The line
shape for the latter is shown in Fig. 5. In both cases,
a very narrow enhancement at /s = 2.232 GeV is
observed, which is very close to the eTe™ — AN
production threshold.

Another interesting possible strangeonium can-
didate is the X(1750) observed in the photoproduc-
tion process [84], which was originally interpreted
as the photoproduction mode of the ¢(1680).
However, the recent simultaneous observation of
the ¢(1680) and X(1750) in ¥ (2S) — K*K™n
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Table 1. Summary of the mass and width of ¢(2170) obtained from the BESIII experiment.

Process

Mass (MeV/c?)

Width (MeV)

ete” — KTK™ [79]
ete” - KTK %70 [80]
ete”™ — ¢n/ [81]

J/ — ¢ tan[82]

22392 +71+£113

21265+ 16.8+12.4

2177.5+48+£19.5
2200+ 6+5

139.8 £12.3 £20.6

106.9 £ 32.1+28.1

149.0 £15.6 £ 8.9
104+ 15+ 15

- BESIII

o(e’e™— ¢ K'K') (pb)
=
o

22 24

N> PP IITITI T T T e e

P IR P P
2.6 2.8 3
Vs (GeV)

Figure 5. The measured Born cross section of ete” —
@K K~ [83].

decays [85] indicates that the X(1750) is distinct
from the ¢(1680) and possibly a strangeonium state.

The above examples demonstrate that BESIII
is a powerful instrument for investigating the light
vector mesons. At present, more studies, such as
ete” — pnta,ete” — ¢nand /Yy — KKy,
are ongoing to provide a deeper understanding of the
nature of the ¢(2170) and X(1750), and to search
for new strangeonium states.

SUMMARY AND PROSPECTS

The light meson decays, as described above, provide
a unique opportunity to investigate many aspects of
particle physics at low energy, with the advantages
of high production rates and excellent performance
of the detector. In addition to improved accuracy on
many of the measured properties of well-known light
meson decays, a series of first observations, such as
new decay modes of 17/, 49(980) — £,(980) mixing
as well as possibly new strangeonium states, were re-
ported. These significant advances demonstrate that
BESIII is playing a leading role in the study of light
meson decays.

Despite this impressive progress, many light me-
son decays are still unobserved and need to be ex-
plored. At BESIIIL, 10'° J/v/ events data are now
available. This is 8 times larger than the subdata
sample used in the present publications and offers
great additional opportunities for research in light
meson decays, especially for pseudoscalar and vec-
tor mesons, with unprecedented precision. More-
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over, BESTII expects to take an additional 20 fb™! of
data at 3.773 GeV, which will support investigations
of the light meson physics with different ISR and
two-photon production techniques, such as the pro-
duction of new vector mesons and measurements
of the two-photon width of the light scalar mesons.
In addition, different experimental techniques will
give access to previously unexplored regions of the
electromagnetic transition form factors, allowing a
quantitative connection between the timelike and
the spacelike regions.

In general, together with the other high-precision
experiments, such as KLOE-2, A2, GlueX and
Bellel], these very abundant and clean event samples
that are accumulated at BESIII will bring the study
of light meson decays into a precision era, and will
definitely play an important role in the development
of chiral effective field theory and lattice QCD, and
make significant contributions to the understanding
of hadron physics in the non-perturbative regime.
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ABSTRACT

Charmonium is a bound state of a charmed quark and a charmed antiquark, and a charmoniumlike state is a

resonant structure that contains a charmed quark and antiquark pair but has properties that are
incompatible with a conventional charmonium state. While operating at center-of-mass energies from 2 to

5 GeV, the BESIII experiment can access a wide mass range of charmonium and charmoniumlike states, and

has contributed significantly in this field. We review BESIII results involving conventional charmonium
states, including the first observation of the M1 transition ¥ (2S) — y1.(2S) and the discovery of the
¥2(3823) state; and report on studies of charmoniumlike states, including the discoveries of the Z.(3900)
and Z.(4020) tetraquark candidates, the resolution of the fine structure of the Y(4260) state, the discovery

of the new production process e*e™

— yX(3872) and the uncovering of strong evidence for the

commonality among the X(3872), Y(4260) and Z.(3900) states. The prospects for further research at

BESIII and proposed future facilities are also presented.

Keywords: charmonium states, charmoniumlike states, exotic hadrons, e

INTRODUCTION

In the conventional quark model, mesons are com-
prised of a quark and antiquark pair, while baryons
are comprised of three quarks. A bound state of a
charmed quark (c) and a charmed antiquark (¢) is
named charmonium. The first charmonium state,
the J/1/, was discovered at BNL [1] and at SLAC [2]
in 1974, and since then, all the charmonium states
below the open-charm threshold and a few vector
charmonium states above the open-charm threshold
have been established [3]; the measured spectrum
of states agrees well with theoretical calculations
based on QCD [4-6] and QCD-inspired potential
models [7-9].

In addition to the charmonium states, the current
QCD-based theoretical framework describes almost
all of the other hadrons that have been observed to
date quite well, including three-quark baryons and
other quark-antiquark mesons [3]. Exotic hadronic
states with configurations not limited to two or three
quarks have been the subject of numerous theoret-
ical proposals and experimental searches [10,11].

Te~ annihilation

These proposed exotic hadrons include hadron-
hadron molecules, diquark-diantiquark tetraquark
states, hadro-quarkonia, quark-antiquark-gluon
hybrids, multi-gluon glueballs and pentaquark
baryons.

Many charmonium and charmoniumlike states
were discovered at the BaBar [12] and Belle [13]
B factories during the first decade of this cen-
tury [14]. While some of these are good candidates
for conventional charmonium states, there are
other states that have properties that do not match
those of any of the unassigned cc states, which
may indicate that exotic states have already been
observed [5,15-17]. These candidate exotic meson
states are collectively called the XYZ particles, to
indicate that their underlying nature is still unclear.
Although this is not fully accepted within the high
energy physics community, practitioners in the field
use Zo(xxxx) to denote a quarkoniumlike state with
mass roughly xxxx MeV/c* that contains a heavy
quark pair Q Q and with non-zero isospin, Y(xxxx)
for a vector quarkoniumlike state (called 1 (xo0mx)

© The Author(s) 2021. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http: //creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.
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by PDG [3]) and X(xox) for states with other
quantum numbers.

Although the BaBar [12] and Belle [13] ex-
periments finished data taking in 2008 and 2010,
respectively, the data are still used for various
physics analyses. In 2008, two new experiments—
BESIII [18], a T-charm factory experiment at the
BEPCII ete™ collider, and LHCb [19], a B-factory
experiment at the LHC pp collider—started data
taking, and have been contributing to the study of
charmonium and charmoniumlike states ever since.

The BESIII experiment at the BEPCII double
ring e*e™ collider observed its first collisions in the
T-charm energy region in July 2008. The BESIII
detector [18] is a magnetic spectrometer with an
effective geometrical acceptance of 93% of 47 and
state-of-the-art subdetectors for high precision
charged and neutral particle measurements. After
a few years of running at center-of-mass (c.m.)
energies for its well-defined physics programs [20],
ie. at the J/¢ and ¥/ (2S) peaks in 2009 and the
¥ (3770) peak in 2010 and 2011, the BESIII ex-
periment began to collect data for the study of the
XYZ particles, a program that was only mentioned
tentatively in the BESIII Yellow Book [20]. The first
data sample was collected at the {(4040) resonance
in May 2011 with an integrated luminosity of about
0.5 fb~'. This sample was used to search for the
production of the X(3872) and the excited P-wave
charmonium spin-triplet states via ¥ (4040) radia-
tive transitions. The size of the sample was limited
by the brief, one-month running time following the
¥ (3770) data taking in the 2010-11 run.

In summer 2012, the LINAC of the BEPCII
was upgraded so that the highest beam energy
was increased from 2.1 to 2.3 GeV, which made it
possible to collect data at higher c.m. energies (up to
4.6 GeV). A data sample of 525 pb~! was collected
at a c.m. energy of 4.26 GeV from 14 December
2012 to 14 January 2013, with which the Z.(3900)
charged charmoniumlike state was discovered [21].
This observation changed the data collection
plan for the 2012-13 run and had considerable
impact on the subsequent running schedule of the
experiment; more data points between 4.13 and
4.60 GeV dedicated to the XYZ related analyses
were recorded [22]. The highest beam energy was
further increased from 2.3 to 2.5 GeV in summer
2019, making it possible to collect data at even
higher c.m. energies (up to 5.0 GeV).

The data samples used for the XYZ study cover
the energy range between 4.0 and 5.0 GeV, with a
typical integrated luminosity of 500 pb~! at each
energy point. These data were also used for char-
monium studies together with a 448 million ¥ (2S)
event sample. Data samples with an integrated lu-
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minosity of 826 pb~! at 104 energy points between
3.8 and 4.6 GeV [23] were also used for the XYZ
study.

In this article, we review studies of charmonium
and charmoniumlike states from the BESIII [18]
experiment. We first introduce the study of conven-
tional charmonium states and then the XYZ states.
Finally, we discuss prospects for future studies with
the BESIII experiment, and also point out possible
studies at next generation facilities.

CONVENTIONAL CHARMONIUM STATES

The search for new charmonium states has always
been a high priority topic. With the data taken
at c.m. energies above 4 GeV, it is possible to
search for states predicted by theories that are still
unobserved [4-9]. These states include the excited
P-wave spin-triplet states x(2P) (] =0, 1, 2), the
excited P-wave spin-singlet state h.(2P), the D-wave
spin-triplet states 1/;(1D) (J = 2, 3; the ] = 1 state,
the ¥ (3770), was observed many years ago [3])
and the D-wave spin-singlet state 77, (1D).

The predicted mass of the D-wave charmonium
states (excluding the ¥ (3770), which is, in fact, a
mixture of the 13D; and 2 3S; vector states) is in the
3.81-3.85 GeV/c* range predicted by several phe-
nomenological calculations [7-9]. Since the mass
of ¥,(1D) is above the DD threshold but below
the DD* threshold, and v/, (1D) — DD violates
parity, the ¥, (1D) is expected to be narrow and its
dominant decay mode is ¥,(1D) — yx. [24].
The v, (1D) state, also called the 1/,(3823), was
discovered at BESIII [25] in this final state, and the
¥3(1D) state was observed by LHCb in its decay
into the D D final state [26].

The spin-triplet charmonium states are produced
copiously in e"e” annihilation and in B decays
and, thus, they are understood much better than
the spin-singlet charmonium states, including the
lowest lying S-wave state, the 7., its radial excited
partner, the 7.(2S), and the P-wave spin-singlet
state, the h.. Since these three states are all produced
in ¥ (2S) decays, the world’s largest ¥ (2S) data
sample at BESIII made it possible to study their
properties with improved precision. In addition,
the unexpected large production cross section for
ete” — w77~ h, in the BESIII energy region [27]
opened a new mechanism for studying the s and
n. (from h, — yn,.), and BESIII contributed the
world’s best measurements of the properties of these
states [28]. We report here the observation of the
M1 transition ¥ (2S) — y1.(2S) at BESIII [29],
a transition that has been sought for since the
first-generation BES experiment in the 1980s.
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Discovery of the M1 transition
¥(28) — yn.(2S)

The production of 7.(2S) through a radiative
transition from ¥ (2S) involves a charmed-quark
spin-flip and, thus, proceeds via a magnetic dipole
(M1) transition. The branching fraction has
been calculated by many authors, with predic-
tions in the range B(¥(2S) — yn.(2S)) =
(0.1-6.2) x 10™* [30-32]. Experimentally, this
transition has been searched for by Crystal Ball [33],
BES [34,35] and CLEO [36]. No convincing signal
was observed in any of these experiments.

With a sample of 106 million ¥ (2S) events
collected at BESIII, the process ¥ (2S) — y1.(2S)
was observed for the first time with 71, (2S) —
KIK*nT and K"K 7° decay modes. The final
K K r mass spectra and the fit results are shown in
Fig. 1. For the number of 1,(2S) signal events, the
fit yields 81 =+ 14 for the KIK*7F mode and 46
=+ 11 for the K"K~ 7% mode; the overall statistical
significance of the signal is larger than 100 [29].

The mass of 7.(2S) is measured to be
(3637.6 & 2.9 & 1.6) MeV/c?, the width (16.9 &
6.4 £ 4.8) MeV, in good agreement with the PDG
world average values [3], and the product branching
fractions B(¥(2S) — yn.(25)) x B(n.(2S) —
KKn) = (1.304£0.20£0.30) x 10~°.  Com-
bining the production rate with a BaBar measure-
ment of B(1.(2S) — KKm), the M1 transition
rate is determined to be B(y(2S) — yn.(25)) =
(6.8 & 1.1 = 4.54) x 10~ *. This agrees with
theoretical calculations [ 30-32] and naive estimates
based on the J/{ — y 7, transition [36].

This study benefited from the BESIII detector’s
high resolution electromagnetic calorimeter, which
makes the detection of the radiative photon with
50 MeV energy possible [18]. Given the tiny transi-
tionrate and the low photon energy, it is understand-
able why this transition was not observed in previous
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studies [33,34,36]. This is the third M1 transition
observed in a charmonium system (the other two
are J/ — yn. and ¥(2S) — yn, observed in
1980 [37]); improved measurements of these
transitions and discovery of more M1 transitions
would improve the understanding of the high-order
effects involved in these transitions [9,38,39].

Observation of the v,(1D) state

The processes of eTe™ — w7~y x4, are studied

at the BESIII experiment using 4.1 fb™" of data col-
lected at c.m. energies from 4.23 to 4.60 GeV [25].
The X, are reconstructed via their decays into
v]/ ¥, with /¢ to €70~ (£ =¢, ). A clear signal is
observed as a 19 £ S event peak in the y x . invari-
ant mass distribution that is evident in Fig. 2(a). The
statistical significance of the signal is 6.20, its mass
is determined to be (3821.7 & 1.3 & 0.7) MeV/¢?
and its properties are in good agreement with the
¥, (1D) charmonium state. The state is thus called
the 1,(3823) following the 3.80 ‘evidence’ in B
decays reported by Belle [40] in 2013. For the y x
mode, no significant 1/,(3823) signal is observed
(Fig. 2(b)), and an upper limit on its produc-
tion rate is determined. BESIII obtains the ratio
B[2(3823) — v xc21/B[¥2(3823) = y xc1] <
0.42 at the 90% confidence level (C.L.), which also
agrees with expectations for the ¥, (1D) state [24].

With the observation of three D-wave spin-triplet
states (¥ (3770), ¥,(3823) and v3(3842)), their
center of gravity, 3822 MeV/c?, is a good estima-
tion of the mass of the D-wave spin-singlet state,
N2 (1D). Since it cannot decay into open-charm
final states, 17,,(1D) is expected to be very narrow,
and the identification of it should be clear, if it is pro-
duced with large enough rate, ine™e™ — y 0, (1D),
ete™ — wna(1D) or ee™ — 7T~ h.(2P) —
T yna(1D).
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EXOTIC CHARMONIUMLIKE STATES

A revival of the study of charmonium spectroscopy
occurred in the early twenty-first century when
the BaBar and Belle B factories started accumu-
lating large data samples at the Y (4S) peak. The
high luminosity at these B factories enabled stud-
ies of charmonium states that are produced in a
variety of ways, including B decays, initial-state-
radiation (ISR) processes, double-charmonium pro-
duction, two-photon processes, etc. While the dis-
covery of the conventional charmonium states such
as 17.(2S) and x.(2P) were more-or-less rou-
tine, the observations of the X(3872) by Belle in
2003 [41] and the Y(4260) by BaBar in 2005 [42],
the first of the XYZ mesons, came as big sur-
prises; although these new states decay to final
states that contain both a ¢ and a ¢ quark, they
have properties that do not match those of any c¢
meson [5,15-17].

All studies of XYZ states at the B factories have
low statistics and limited precision. In contrast,
BESIII can tune the c.m. energy to match the peaks
of the Y states, where event rates are high enough to
facilitate precise measurements of their resonance
parameters and search for new states among their
decay products.

New insights into the Y states

The Y states, such as Y(4260) [42], Y(4360) [43,44]
and Y(4660) [44], are produced directly or via the
ISR process in e"e™ annihilation and, thus, are vec-
tors with quantum numbers J°© = 1~ . These states
have strong couplings to hidden-charm final states
in contrast to the established vector charmonium
states in the same mass region, such as ¥ (4040),
¥ (4160) and ¥ (4415), which dominantly couple
to open-charm meson pairs [45,46].

In potential models, five vector charmonium
states are expected to be in the mass region between
4.0 and 4.7 GeV/c?, namely v (3S), ¥ (2D), ¥ (4S),

Page 4 of 13

¥ (3D) and v (5S), with the first three identified
with the well-established 1 (4040), ¥ (4160) and
¥ (4415) charmonium mesons; the masses of
the as yet undiscovered ¥ (3D) and ¥ (5S) are
expected to be higher than 4.4 GeV/c*. However,
six vector states in this mass region have been
identified, as listed above. These make the Y(4260),
Y(4360) and perhaps the Y(4660) states good
candidates for new types of exotic particles, stim-
ulating many theoretical interpretations, including
tetraquark states, molecular states, hybrid states or
hadro-charmonia [5,15-17].

The Y(4260) was first observed at the B
factories as a distinct peak in the wtm~J/¢
invariant mass distribution for ISR-produced
ete” — ysrt T ]/ events [42,47]. Improved
measurements from both BaBar [48] and Belle [49]
with their full data samples confirmed the existence
of both the Y(4260) resonance and a non-Y(4260)-
resonance component in ete” — 7T+7T_]/I/f
around 4.0 GeV, but the line shape was parame-
terized with different models. The parameters of
the Y(4260) determined by fit to the combined
data from the two B-factory experiments and the
CLEO measurements [50] are My(4260) = (4251 &
9) MeV/c* and Ty (4260) = (120 £ 12) MeV [51].
High precision BESIII measurements of the direct
cross section for the Y(4260) production in different
final states supply new insight into its nature. These
measurements include: eTe™ — T 7J/ [52],
ete” — ntah [27], efe” — wxg [53,54],
ete” — D°D* T + c.c. [55], etc. [56].

Figure 3 shows the measured cross sections for
each of these final states. The Y(4260) structure
is evident, but its line shape is in fact not well
described by a single Breit-Wigner (BW) resonance
function. Instead, its line shape is peaked at around
4.22 GeV, which is substantially lower than the
average value from previous measurements [S1],
and a distinct shoulder is observed on its high-
mass side that is especially pronounced in the
7T~ J/¥ mode. In order to describe this line
shape, two resonant structures in the Y(4260)
peak region are needed. The lower one has a mass
of (4222.0 & 3.1 & 1.4) MeV/c* and a width of
(44.1 &+ 4.3 £ 2.0) MeV, while the higher one has
a mass of (4320.0 & 10.4 £ 7.0) MeV/c® and a
width of (101.47333 & 10.2) MeV. The mass of the
first resonance is ~30 MeV/c* lower than the world
average value at that time [S1] for Y(4260) and its
width is about a factor of 3 narrower. The second res-
onance is observed in the e*e™ — 7+ ~J/¥ pro-
cess for the first time. It is still not clear whether it is
anew state or just a new decay mode of the Y(4360)
observed in eTe” — w1 (2S) [43,44]. The
resonance parameters for the lower mass structure,
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Figure 3. From top to bottom are the measured cross sec-
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the Y(4220), are also measured in other decay
channels and listed in Table 1.

Since the resonant structure around 4.2 GeV/c?
is present in all of the above channels with similar
resonance parameters, Gao et al. [S7] applied
a combined fit to the measured cross sections
to determine the resonance parameters of the
low-mass Y(4220) peak with a resultant mass
of (4219.6 £ 3.3 &+ 5.1) MeV/c* and width of
(56.0 3.6 = 6.9) MeV. These values are very
different from those obtained in previous exper-
iments [S1]. The fit also gives the product of the
leptonic decay width and the decay branching frac-
tion to the considered final state. After accounting
for the unmeasured isospin partners of the mea-
sured channels, a lower limit on the leptonic partial

width of the Y(4220) is determined to be [',+,- >
(29.1 & 7.4) eV, where the error is the combined
fit error and those from different fit scenarios. Cao
et al. [58] analyzed BESIII, Belle and BaBar data on
charmonium as well as open-charm final states, and
aleptonic width of 0(0.1-1) keV was obtained. This
partial width is much larger than LQCD predictions
for a hybrid vector charmonium state [59].

In spite of the limited experimental information
that has been available between the time of its
discovery in 2005 and the recent BESIII measure-
ments, the Y(4260) has attracted considerable
attention. The BESIII measurements of its produc-
tion, decay and line shape in a variety of final states
enable more sophisticated theoretical investiga-
tions, and some analyses have been performed, such
as those in [58] and those quoted in [5,15-17]. The
presence of the nearby D** D*~, D D, (2420) and
wy g production thresholds, and its mass overlap
with the ¥ (4160) and ¥ (441S) conventional char-
monium states complicate its interpretation. Joint
experimental and theoretical efforts will likely be
required to gain a full understanding of the nature of
this state; these include precision measurements of
the cross sections of all the final states and applying
a more sophisticated theoretical description of the
coupled-channel effect and line shapes, and so on.

Discovery of the iso-triplet
charmoniumlike Z.(3900)
and Z;(4020) states

Searching for charged charmoniumlike states is one
of the most promising ways of establishing the exis-
tence of the exotic hadrons, since such a state must
contain at least four quarks and, thus, could not be
a conventional meson. These searches have concen-
trated on decay final states that contain one charged
pion and a charmonium state, such as /v, ¥ (25)
and h,, since they are narrow and their experimental
identification is relatively unambiguous.

The first reported charged charmoniumlike state,
Z.(4430)~, was found in the 77~ (2S) invariant
mass distribution in B — Km~y¥(2S) decays
by the Belle experiment in 2008 [60,61]. It was

Table 1. Resonance parameters of the Y(4220) state from different modes measured at BESIII. The cross sections measured

atac.m. energy of 4.226 GeV are also listed.

Mass Width 0 at4/s = 4.226 GeV
Mode (MeV/c?) (MeV) (pb)
ete” > atnT /v 42220+3.1+14 441443420 851+ 1.5+49
ete” —>wtnh, 4218473309 66.0145% £ 0.4 5524+2.6+89
e — wxeo 42185+ 1.6+ 4.0 282439416 554460459
ete” - 7tDD*~ +cc 42286 +4.14+63 770+ 68463 252£5+15

Page 5 of 13



Natl Sci Rev, 2021, Vol. 8, nwab182

5
1.6/~ r (b) —4— Data
C 100 L — Total fit
L4 4 [ -~ Background fit
o 12F L 80 - PHSP MC
% B ; E I [ sideband
2 F 2 60
T 08 , =
R r < 5
= 0.6 R 2 40 et
= F 2 § [ + A
0.4 1 J&5) =
£ Z 20
0.2E ey R T
07 1 1 1 1 1 1 1 1 1 0 0 P e B S 1
10 11 12 13 14 15 16 17 18 19 20 3.7 3.8 3.9 4.0
M (' Thy) (GeV/c?) M, (°Thy) (GeV/c?)
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confirmed by the LHCDb experiment seven years
later [62]. The Z.(3900)~ state was observed in the
7~ ]/ invariant mass distribution in the study of
ete” — T~ ]/ at BESIII [21] and Belle [49]
experiments, and the Z,(4020)~ state was observed
in the 7~ h, system in e*e” — 77 ~h, [63] only
at BESIIIL.

Observation of the Z,(3900) state

The BESIII experiment studied the ete” —
7w~/ process using a 525 pb~! data sample at
a c.m. energy of 4.26 GeV [21]. About 1500 signal
events were observed and the cross section was
measured to be (62.9 & 1.9 & 3.7) pb, which agrees
with the previous existing results from the Belle [47]
and BaBar [48] experiments. The intermediate
states in this three-body system were studied by
examining the Dalitz plot of the selected candidate
events, as shown in Fig. 4.

In addition to the known £,(500) and f,(980)
structuresinthe w t 7~ system, a structure at around
3.9 GeV/c* was observed in the %]/ invariant
mass distribution with a statistical significance
larger than 8¢, which is referred to as the Z.(3900).
A fit to the 7+]/v invariant mass spectrum (see
Fig. 4) determined its mass to be (3899.0 +
36 £ 49) MeV/? and its width to be
(46 % 10 £ 20) MeV.

A measurement performed at the Belle exper-
iment that was released subsequent to the BESIII
paper reported the observation of the Z.(3900)
state (referred to as Z(3900)" in the Belle pa-
per) produced via the ISR process with a mass of
(3894.5 + 6.6 + 4.5) MeV/ and a width of
(63 =24 £ 26) MeV with a statistical significance
larger than 5.20 [49]. These observations were later
confirmed by an analysis of CLEO-c data at a c.m.
energy of 4.17 GeV [64], with a mass and width
that agree with the BESIII and Belle measurements.
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BESIII studied the spin-parity of the Z.(3900)
with a partial wave analysis (PWA) of about 6000
ete™ — T TJ/Y events at /s =4.23 and
4.26 GeV [65]. The fit indicated that the spin-parity
JP = 1" assignment for the Z,(3900) is favored over
other quantum numbers (07, 17, 2~ and 2%) by
more than 70

The Z.(3900) mass determined from its 7]/
invariant mass distribution is slightly above the
DD* mass threshold. The open-charm decay
Z.(3900)* — (DD*)* was observed with much
larger rate than that to 7J/y¥ [66,67], and the
pole mass and width were determined with high
precision to be (3882.2 & 1.1 & 1.5) MeV/¢* and
(26.5 + 1.7 & 2.1) MeV, respectively.

In both the QCD tetraquark and the molecular
pictures, the Z.(3900)* states are the I3 = +1
members of an isospin triplet. BESIII confirmed
this by observing their neutral, isospin I3 = 0
partners: the Z,(3900)°, in both the 7°J/v [68]
and (DD*)° [69] decay modes. These observa-
tions establish Z.(3900) as an isovector state with
even G parity. From a PWA to the efe™ —
7°7°] /4 data in the vicinity of the Y(4260) reso-
nance, it is found that the cross-section line shape of
ete” — 1°Z,(3900)° — 7°7°J /4 is in agreement
with that of Y(4220) (see Fig. 5) [70].

BESIII also searched for the Z.(3900) isospin
violating decay mode nJ/v¥ [71] as well as to
the light hadron final states wm [72], KK and
K Kn [73]. These modes were not observed and
the upper limits of the decay rates are one order of
magnitude or even smaller than that for Z.(3900)
— ]/, as naively expected.

Observation of the Z,(4020) state
The process eTe™ — 717 ~h, was observed at c.m.
energies of 3.90-4.42 GeV [63] with cross section

that is similar to that for ete™ — T~ ]/ [52].
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Intermediate states of this three-body system were
studied by examining the Dalitz plot of the selected
7+~ h, candidate events, similar to what was done
for the eTe™ — T ~J/¢ process [21]. Although
there are no clear structures in the 77~ system,
there is distinct evidence for an exotic charmonium-
like structure in the 7 £h, system, as clearly evident
in the Dalitz plot shown in Fig. 6. This figure also
shows projections of the M(r £h,) (two entries per
event) distribution for the signal events as well as
the background events estimated from normalized
h. mass sidebands. There is a significant peak at
around 4.02 GeV/c* (the Z.(4020)), and there are
also some events at around 3.9 GeV/c? that could
be due to the Z.(3900). The mass and width of the
Z.(4020) were measured to be (4022.9 & 0.8 &+
2.7) MeV/c* and (7.9 & 2.7 & 2.6) MeV, respec-
tively. The statistical significance of the Z.(4020)
signal is greater than 8.9¢.

In an analysis of the e"e™ — m%7%h, process,
the Z.(4020)°, the neutral isospin partner of the
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Z.(4020)* was observed in the 7°h, system.
This indicates that the Z.(4020) is an isovector
state [74]. The open-charm decay of the Z.(4020)
was observed in ete™ — (D*D*)mr, with a rate
that is much larger than that for its decay into
wh, [75,76]. Partial wave analysis of ete”™ —
7T~ (2S) is needed to confirm or deny the
decay Z.(4020) — wr(2S) [77].

Nature of the Z; states

Although many measurements have been per-
formed on the Z.(3900) and Z.(4020) states, the
experimental information is still not very precise.
From the experience of the Z.(4430) state, we
know that the resonance parameters determined
from a simple one-dimensional fit to the invariant
mass distribution [60] may differ from those based
on a full amplitude analysis with the interference
effects between different amplitudes considered
properly [61]. The same thing may happen with
the Z.(3900) and Z.(4020) states. Amplitude
analyses that are applied to the relevant final states
that extract the resonant parameters as well as the
couplings to different modes are essential to obtain
more refined information for understanding the
nature of these states. In addition, a PWA can also
provide measurements of Argand plots of the Z.
amplitudes, which can be used to discriminate
between different models for the Z, states.

The production of Z, states at a variety of c.m.
energies can reveal whether these states are from
resonance decays or continuum production. So
far, only the Z.(3900) state has been observed
both in ete™ annihilation [21] and in B-hadron
decays [78,79]. Searches for these states in different
production modes is of great importance.

These states seem to indicate that a new class of
hadrons has been observed. Since there are at least
four quarks within each of these Z, states, they have
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Figure 6. Dalitz plot(/\/l;hﬂ versus M§+n,)for(a) selected e e~ — w7~ h, events and (b) the Z,{4020) signal observed in
the 7 h, invariant mass spectrum [63]. Points with error bars are data, the solid curves are best fits and the shaded histograms
are the non-r *r ~ h, background estimated from the normalized h, sidebands.
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been alternatively interpreted as compact tetraquark
states, molecular states of two charmed mesons
(DD* + D*D, D*D*, etc.), hadro-quarkonium
states or other multiquark configurations; in some
phenomenological studies they have been attributed
to purely kinematical effects [5,15-17]. Since many
of these models require assumptions that are
hard to prove, it is essential that non-perturbative
studies such as lattice QCD (LQCD) provide a
way to understand their underlying nature; if the Z,
structures are not purely kinematical effects, they
should appear on the lattice since they are strong
interaction phenomena.

The currently available LQCD calculations that
are relevant to the Z.(3900) state have a number
of uncertainties, as has been recently reviewed
in [80]. These include the lattice spacing, the
volume, the physical 7 mass and the channels that
are considered in the calculation.

An early lattice study performed by Prelovsek
et al. [81] investigated the energy levels of two-
meson systems, including 7J/v¥, 7Ty (2S), pn.,
DD*, D*D*, etc., as well as tetraquark operators.
However, no convincing signals for extra new
energy levels apart from the almost free scattering
states of the two mesons were identified. Taking
DD* as the main relevant channel, the CLQCD
collaboration performed a calculation that was
based on the single-channel Liischer finite-size
formalism and found a slightly repulsive interaction
between the two charmed mesons [82,83]. The
results therefore do not support the possibility of
a shallow bound state for the two mesons for the
pion mass values of 300, 420 and 485 MeV/c%. A
preliminary study using staggered quarks found no
JF¢ = 17~ state distinct from the noninteracting
scattering states either, but the authors also pointed
out that future calculations with a larger interpo-
lating operator basis may be able to resolve this
state [84].

The HALQCD collaboration studied the prob-
lem using an approach where an effective potential
is extracted from the lattice data and then used
to solve the Schrédinger-like equations [85,86].
A fully coupled-channel potential for =]/, pn.
and DD* interactions is obtained, and a strong
off-diagonal transition between 7]/ and DD*
indicates that the Z.(3900) state can be explained
as a threshold cusp within their current config-
uration (m, = 400—700 MeV/c?). In order to
establish a definite conclusion on the structure
of the Z.(3900) state in the real world, full QCD
simulations near the physical point are being carried
out [85,86].

Recently, in order to clarify the mismatch
between these two approaches, CLQCD performed
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a two-channel lattice study using the two-channel
Ross-Shaw effective range expansion [87]. They
considered the 7]/ and DD* channels that are
most strongly coupled to Z.(3900) and found
that the parameters of the Ross-Shaw matrix do
not seem to support the HALQCD scenario. The
parameters turn out to be large and the Ross-Shaw
M matrix is far from singular, which is required for
a resonance close to the threshold. However, since
only two channels are studied, it is still not a direct
comparison with the HALQCD approach, in which
three channels were studied. In [80], the same three
channels that the HALQCD collaboration analyzed
were considered, namely 7J/¥, pn. and DD*.
However, the final results will not come very soon.

Whatever the nature of the Z, states turns out to
be, they will teach us a lot about the hadronic struc-
tures. Unless all these structures are purely kinemat-
ical effects (in which case it would have to be an as
yet unknown kinematic effect), they will suggest a
new category of hadrons beyond the conventional
meson and baryon picture. The observation of
similar states in the bottom sector [88] and recent
discoveries of structures with two pairs of charm-
anticharm quarks [89] and with a minimal
four-quark configuration cs id [90] confirm this
expectation. Additional searches for other conceiv-
able states should be performed and the theoretical
consequences of these new types of hadrons should
be investigated.

Comprehensive study of X(3872)
in the e" e~ collision

The X(3872) was first observed in BT —
KEnTn~J/¢ decays in 2003 by Belle [41]. It
was confirmed subsequently by several other exper-
iments [91-94]. Prior to 2014, the X(3872) was
only observed in B meson decays and hadron col-
lisions. Since the quantum numbers of X(3872) are
JP€ = 117, it can be produced via radiative decays
of excited vector charmonium or charmoniumlike
states such as the ¥ and the Y.

The X(3872) was observed at BESIII in the pro-
cess eTe” — yX(3872) = yaTaTI/Y, J/Y —
2707 [95] (seeFig.7(a)) and this first measurement
was subsequently improved with more data [96].
The c.m. energy dependence of the product of
the cross section o[eTe” — 1 X(3872)] and the
branching fraction B[X(3872) — ntn~ ] /¥]
is shown in Fig. 7(b), where the red curve shows
the results of a fit to a BW resonance line shape
with a mass of (4200.6177; £ 3.0) MeV/c? and
a width of (1155? =+ 12) MeV. These resonance
parameters are consistent with those of the ¥ (4160)



Natl Sci Rev, 2021, Vol. 8, nwab182

o

@

o
T

Events/(3 MeV/c?)

[

3.85

Mz Tly) (GeV/c?)

T 0.8
—~+- Data =~ [ (b) —+— Data
— Total fit ’5\‘ F —— BESIII 2014
--- Background ] ;:\ 0.6 r —Fit
- ‘&
% gaf
1 1%
1 a
[ L
- o
1 <02k
4 >7<‘ r
1 ¢ [
0 IS Il l
3.9 3.95 4 4.2 4.4 4.6
Vs (GeV)

Figure 7. (a) Fit to the Mz "~ J/v) distribution [95] and (b) fit to o 8[eTe~ —
y X(3872)] x B[X(3872) — m*m~J/v¥][96]. Dots/triangles with error bars are data
and the curves are best fits.

charmonium state [3] or the Y(4220) (see the sec-
tion entitled ‘New insights into the Y states’) within
errors.

Using all the data samples available at c.m.
energies between 4.0 and 4.6 GeV, BESIII is able to
observe for the first time significant signals of
X(3872) — wJ/¥ [96] and X(3872) —
7% o1 [97], and search for other possible decays.

BESIII confirmed earlier observations of a large
X (3872) — D**D° + c.c. branching fraction and
found evidence for X(3872) — yJ/v with a signif-
icance of 3.50 [98]. No evidence was found for the
decays X(3872) — y ¥ (2S). The upper limit on the
ratio B(X(3872) — y¢(2S))/B(X(3872) —
v ] /¥) < 0.59 was obtained at the 90% C.L. [98],
which is inconsistent with LHCb [99] and BaBar
measurements [100] but consistent with a Belle
upper limit [101]. No significant X(3872) —
70X 0,2 signals were observed.

The hadronic transitions of the X(3872) to
low-mass charmonum states via a single pion or a
rho meson violate isospin, and the large decay rates
of X(3872) — n°x. and X(3872) to pJ/Y —
7T~ J/ relative to the isospin-conserved mode
X(3872) — wJ/¥ indicate that X(3872) is very
unlikely to be a pure charmonium state, such as the
Xc1(2P). The order of magnitude larger decay rate
to D**D° + c.c. than to the charmonium final state
favors the D*D + c.c. molecule interpretation
of the X(3872), as does the relatively smaller
production rate of X(3872) — y ¥ (2S) compared
with X(3872) — y]J/v, or at least that there is a
large fraction of molecular component in its wave
function in addition to a charmonium component.

BESIII measured the ratios of branching frac-
tions for X(3872) — yJ/¥, yv(2S), w]/v,
7%, D*D° + c.c,7°DD and y DD to that for
X(3872) — m 7w~ J/{. By combining these with
the measurements of the X(3872) properties from
the B factories, Li and Yuan [102] obtained the
absolute branching fractions of the X(3872) decays
into six modes by globally fitting the measurements
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Table 2. The fitting results of the absolute branching frac-
tions of the X(3872) decays [102]. The branching fraction of
the X(3872) decays into unknown modes is calculated from
the fit results.

Parameter Branching
index Decay mode fraction (%)
1 X(3872) > /Y 414

2 X(3872) = D**D° 4 cc. 524123

3 X(3872) = yJ/¥ 11+04

4 X(3872) — y v (2S) 2.4743

5 X(3872) = %% 3.6172

6 X(3872) = w]/ ¥ 44123

X(3872) — unknown 31973

provided by the Belle, BaBar, BESIII and LHCb
experiments (see Table 2). The branching fraction
for X(3872) — mtw ]/ is determined to be
(4.1%17)%, which is in good agreement with earlier
estimates in [103] and [104]. By combining the
branching fractions of all of the observed modes,
the fraction of the unknown decays of the X(3872)
is found to be (31.973}3)%, which is an impor-
tant challenge for future experimental studies of
X(3872) decays.

With a very large sample of X(3872) —
7t J/{ events, the LHCb experiment reported
an improved measurement of its mass and a first
measurement of its width [105]. Limited by its ca-
pability of D*° reconstruction and mass resolution,
it is still not possible for LHCb to measure the line
shape of the resonance.

Commonality among the X{3872), ¥14260)
and Z;(3900) states

With data taken with a c.m. energy at and near the
Y(4260) resonance peak, BESIII discovered a clear
signal for X(3872) production in association with
a y ray [95], as shown in Fig. 7, and a clear signal
for Z.(3900) production in association with a 7
meson [70], as shown in Fig. 5. The c.m. energy
dependence of the eTe™ — y X(3872) cross section
is suggestive of a Y(4260) — yX(3872) decay
process, and that of the eTe™ — 7°Z,(3900)° cross
section is suggestive of a Y(4260) — 7Z.(3900)
decay process; these indicate that there might be
some common features to the internal structures of
the Z.(3900), Y(4260) and X(3872) states.

Many of the models developed to interpret the
nature of one of these three states do not consider
the possibility of a connection between them. With
data supplied by the BESIII experiments, some of
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Table 3. The numbers of observed events of discovery modes of the XYZ states at BESIIl and other experiments. Here
the states are detected with X(3872) — n* 7 ~J/v, N4260) — m+m—J/y, Z(3900F — n*J/yr, Z,(4020F — m*h,
and Y4660) — 7" ~¢(2S). The numbers for the Belle Il experiments are a simple scale according to those of the Belle
experiment. Here ‘- indicates not available. BESIII can detect other decay modes of these states while other experiments

can barely do so.

Experiment Data-taking time X(3872) Y(4260) Z.(3900) Z.(4020) Y(4660)
BESIII 3 months 20 6000 1300 180 250
BaBar 1999-2008 90 270 80 - 45
Belle 1999-2010 170 550 160 - 90
LHCb 2011-12 (B decays) 4000 - - - -
2011-18 (pp collision) 16 000 - - - -
Belle I 2019-30 8000 28000 8000 - 5000

these models may be ruled out and others may need
to be revisited in light of these new observations.

SUMMARY AND PERSPECTIVES

With the capability of adjusting the eTe™ c.m. energy
to the peaks of resonances, combined with the clean
experimental environments due to near-threshold
operation, BESIII is uniquely able to perform a
broad range of critical measurements of charmo-
nium physics, and the production and decays of
many of the nonstandard XYZ states, as discussed
above in the context of the studies of the X(3872),
Y(4220), Z.(3900) and Z.(4020). Table 3 shows
the operating times associated with the discoveries
of the XYZ states at BESIII and other experiments,
including the previous generation B factories, BaBar
and Belle, and the new generation super-B factories,
LHCDb and Belle II. BESIII’s special advantages for
studying the XYZ states are evident.

We emphasize here that BESIII measured all the
known decay modes of the X(3872) and discovered
its new decay modes even though the numbers of
produced X(3872) events are much smaller than
those of other experiments. This is because the very
clean experimental environment of e™e™ collisions
in the t-charm threshold energy region uniquely
facilitates the isolation of signals for X(3872) decays
into final states with one or more photons with high
efficiency. This is especially true for final states that
contain an h, charmonium state like the BESIII
discovery of the Z,(4020) state and measurements
of Y(4220) and Y(4390) — 77 ~h, decays.
Neither the BaBar and Belle B factories nor the
LHCDb experiment has ever seen an h, signal.

BESIII has produced a considerable amount of
information about the XYZ and the conventional
charmonium states. In addition, there are data that
are still being analyzed and more data that will
be accumulated at other c.m. energies [56,106].
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Analyses with these additional data samples will
provide an improved understanding of the XYZ
states, especially the X(3872), Y(4260), Z.(3900),
and Z.(4020) states. The maximum c.m. energy
accessible at BEPCII was upgraded from 4.6 to
5.0 GeVin2019,and a 5.6 fb~! of data was accumu-
lated in the 2019-20 and 2020-21 running periods,
with more data planned for the future. This enables
a full coverage of the Y(4660) [44] resonance and
a search for possible higher mass vector mesons
and states with other quantum numbers, as well as
improved measurements of their properties.

At the same time, other experiments will also
supply information on these states. At the LHCDb,
in addition to the 3 fb™! of data at 7 and 8 TeV that
have been used for most of their published analyses,
there is a 6 fb™! of data sample at 13 TeV that is
being used for improved analyses of many of the
topics discussed above such as the X(3872) decay
properties and searches for the Y and Z.(3900)
states in B decays.

Belle IT [107] has collected about 200 fb™! of
data by mid-2021, and will accumulate 50 ab™!
data at the Y (4S) peak by the end of 2030. These
data samples can be used to study the XYZ and
charmonium states in many different ways [14],
among which ISR can produce events in the same
energy range covered by BESIIL A S0 ab™! Belle II
data sample will correspond to 2.0-2.8 fb™! of data
for every 10 MeV from 4-5 GeV. Similar statistics
will be available for modes like eTe™ — w7~ ]/
at Belle II and BESIII (after considering the fact
that Belle II has lower efficiency). Belle II has the
advantage that data at different energies will be
accumulated at the same time, making the analysis
much simpler than at BESIIL

There are two super 7-charm factories pro-
posed, the STC in China [108] and the SCT in
Russia [109]. Both machines would run at c.m.
energies of up to 7 GeV with a peak luminosity of
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103 cm™2 57!, which is a factor of 100 improvement
over the BEPCIIL This would enable systematic
studies of the XYZ and charmonium states with
unprecedented precision.
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of charmed hadrons at BESII|
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ABSTRACT

A comprehensive review of weak decays of charmed hadrons (D% *, D} and A ") based on analyses of the

threshold data from e*e™ annihilation in the BESIII experiment is presented. Current experimental

challenges and successes in understanding decays of the charmed hadrons are discussed. Precise

calibrations of quantum chromodynamics and tests of the standard model are provided by measurements of

purely leptonic and semi-leptonic decays of charmed hadrons, and lepton universality is probed in purely

leptonic decays of charmed mesons to three generations of leptons. Quantum correlations in threshold data

samples provide access to strong phases in the neutral D meson decays and probe the decay dynamics of the

charmed A, baryon. Charm physics studies with near-threshold production of charmed particle pairs are

unique to BESIII, and provide many important opportunities and challenges.

Keywords: charmed mesons, charmed baryon, leptonic decay, semi-leptonic decay, lepton flavor

universality

INTRODUCTION

The discovery of the J/y in 1974 marked a new
era in particle physics. The arrival of the first heavy
quark indicated that the standard model (SM) pro-
vided a correct low-energy description of particle
physics. Four decades later, the charmed quark still
plays unique roles in studies of strong and weak in-
teractions [ 1]. Recent observation of CP violation in
charmed meson decays has attracted significant and
renewed interest to charm physics [2,3]. It paves the
road to precise tests of the SM in interesting weak in-
teraction transitions and maybe even to searches for
new physics beyond the SM.

A distinctive feature of all the charmed hadrons is
that their masses place them at the edge of the region
where non-perturbative hadronic physics is opera-
tive, forcing us to develop new means to cope with
such scales. This point has been made in prescient
reviews [4,5] that posed many of the questions that
are still awaiting answers. While this fact does not
markedly affect the theoretical description of lep-
tonic and semi-leptonic decays of charmed hadrons,
it poses challenges to analyses of their hadronic tran-

sitions. We expect that detailed experimental studies
would provide some hints on the dynamics of charm
hadronic decays, so that eventually those problems
will be overcome. In this review we focus on the weak
decays of ground-state charmed hadrons, i.e. three
charmed mesons D*(cd), D%(cit) and D (cs)as
well as one charmed baryon A (cud), with inter-
nal quark constituents as depicted in Fig. 1, that can
be extensively studied using data collected at the
BESIII experiment. There are mainly three classes
of charmed hadron decays: purely leptonic, semi-
leptonic and hadronic decays. Measurements of the
charmed hadron decays can be used to calibrate
lattice quantum chromodynamics (LQCD) calcu-
lations. In addition, BESIII data provide stringent
constraints on the Cabibbo-Kobayashi-Maskawa
(CKM) six-quark flavor-mixing matrix [7] via: (1)
precision measurements of the CKM matrix ele-
ments | V| and | V4| that parameterize the strengths
of ¢ &> s and ¢ — d weak transitions, respec-
tively; (2) determinations of the strong-interaction
phases in D-meson decays that are essential in-
puts to measurements of the CP-violating phase

© The Author(s) 2021. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http: //creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.
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Figure 1. Quark constituents for the ground-state charmed hadrons of D +(cd), D°(c@),
Df(c3)and Af(cud). Taken from [6].

y of the CKM matrix element V,; in B-meson
decays [8].

ADVANTAGES NEAR THRESHOLD
PRODUCTION FROM e* e~
ANNIHILATION

Experiments at eTe” machines operating at the
¥(3770) and (4140) resonances and AA_
threshold, such as CLEO-c and BESIII [9], have
several important advantages. First, the cross section
for charm production is relatively high, for exam-
ple,  o(ete™ — D°D°) = (3.615 4+ 0.010 +
0.038) nb and o(ete” — D*D~) = (2.830 £
0.011 &+ 0.026) nb at the ¥(3770) peak [10].
Second, the DD and AT A~ pairs are produced in
the exclusive two-body channel with no additional
particles. Thus, one can employ a double-tag tech-
nique pioneered by the Mark III experiment [11]: a
full reconstruction of an anti-D meson on one side of
tagged events together with the known momentum
and energy of colliding beams provides a ‘beam’ of
D particles of known four-momentum on the other
side. The tag yield, which provides the normaliza-
tion for the branching fraction measurement, is
extracted from the distribution of beam-constrained

— 2 byt 2 - .
mass Mpc = {/ E{ ., — | Pragl? where pyg is the

three-momentum of the tag D candidate and Epeam
is the beam energy, both evaluated in the ete”
center-of-mass system. When a tagged Dt decays
to a muon and a muonic neutrino, u*v uy the mass
of the (missing) nearly zero-mass neutrino can be
inferred from energy-momentum conservation.
This tagging technique, which obviates the need for
knowledge of the luminosity or the production cross
section, is a powerful tool for charmed particle decay
measurements that is most accurately performed by
the near-threshold experiments.

Furthermore, the charmed hadron pairs
at BESIII are produced via ete” annihilation
through a virtual photon (with spin, parity
and C parity of ' = 177), eg. in the pro-
cess ete” — y* — ¥(3770) — D°D°
(ete™ = p* — A:r[\;)
function of the produced charm hadron pairs is

Hence, the wave
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analogous to that of photons in an aligned, spin-1
state with odd charge parity C = —1, and the D°D°
(AFA7) pair are in a quantum-entangled state.
This allows for unique probes of the structure of
decay amplitudes and relative phases between D°
and D° decays, as well as novel measurements of
neutral D mixing and CP violation in D° and A
decays [12-15].

PRECISION TESTS OF THE
STANDARD MODEL

In the SM, quark-flavor mixing is characterized by
the unitary 3 x 3 CKM matrix [7]:

Vud Vus Vuh
VCKM = Vcd Ves Vo |- (1 )
Ve Vis Va

The CKM matrix induces flavor-changing transi-
tions within and among generations in the charged
currents in tree-level W*-exchange interactions. Ex-
periments have revealed a strong hierarchy among
the CKM matrix elements: transitions within the
same generation are described by Vi elements of
O(1), whereas there is a suppression of O(107!)
for transitions between the first and the second
generations, ((107%) between the second and
the third, and O(1073) between the first and the
third. Following the observation of this hierarchy,
Wolfenstein [16] proposed an expansion of the
CKM matrix in terms of four parameters (which was
further modified by Buras [17]), A, A, 0 and 7], under
the relations

)"2 _ |Vus|2
|Vud|2 + |Vu5 |27
2A4 — |V5b|2
|Vud|2 + |Vus |27
Via Vi,
VCdV;Z

which are used to fully characterize the matrix. Any
deviation of Vxy from unitarity would indicate new
physics beyond the SM. Therefore, improving our
knowledge of the CKM matrix elements to test uni-
tarity is one of the principal goals of flavor physics.
BESIII data provide direct precise measurements of
the CKM matrix elements |V| and |V4| using the
purely leptonic and semi-leptonic charmed-hadron
decay rates, as discussed in detail below.

Purely leptonic and semi-leptonic decays of
hadrons have a special characteristic advantage in
studies of the weak interaction [18,19]. A key fea-
ture is their relative simplicity, a consequence of the
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Figure 2. Diagrams for purely leptonic (left) and semi-leptonic (right) decays of [} mesons. (Courtesy of Hao-Kai Sun, Institute

of High Energy Physics, Chinese Academy of Sciences.)

fact that in these processes the effects of the strong
interactions can be isolated. For each decay type,
the decay amplitude can be written as the prod-
uct of a well-understood leptonic current for the
process Wt — £1v, (£ denotes charged leptons)
and a more complicated hadronic current for the
quark transition. Figure 2 shows the Feynman di-
agrams for the purely leptonic (left diagram) and
semi-leptonic (right diagram) decays. In purely lep-
tonic decays, the hadronic current describes an anni-
hilation of the quark and the anti-quark in the initial-
state charmed mesons, while in semi-leptonic decays
it describes the evolution from the initial-charmed
hadron to the final-state hadrons. Because strong in-
teractions affect only one of the two currents, purely
leptonic and semi-leptonic decays are relatively sim-
ple from a theoretical perspective; they provide bi-
lateral means both to measure fundamental SM pa-
rameters and to perform detailed studies of the decay
dynamics [20].

A bridge between quarks and leptons:
decay constants and lepton flavor
universality

Purelyleptonic decays of the Dt and D mesons are
among the simplest and best-understood probes of
¢ = d and ¢ — s quark transitions. In each case,
the effects of the strong interaction can be parame-
terized in terms of just one factor, called the decay
constant fD,;r- In the SM, the corresponding decay
rate, ignoring radiative corrections, is given in a sim-
ple form:

2 2
GFfDq+

L(DS — €v) = |Veg I mm s

m? \*
X (1— 25 ) . (3)
Mt

Here g = d or s quark and £ = ¢, u or 7 (elec-
tron, muon or tau lepton), and v, stands for the

neutrino with the corresponding lepton flavor. The
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D;‘ mass (mD; ), the mass of the charged lepton
(m,) and the Fermi coupling constant (Gp) are all
known to high precision [21]. Thus, the determina-
tion of I" (D;‘ — {£%vy) directly measures the prod-
uct fp|Veq| of the D;‘ decay constant and the mag-
nitude of the c — g CKM matrix element. One can
then either extract |V, | by using the predicted value
of fp;,e.g.-fromLQCD [22], or obtain fp; byusing
the experimentally measured |V,4| to test the LQCD
prediction.

Since the purely leptonic decays of pseudoscalar
mesons are helicity suppressed, their decay rates
are proportional to the square of the charged lep-
ton mass. According to Equation (3), the SM-
expected relative decay widths for the Tv, v, and
ev, modes are 2.67:1:2.35 x 107> for D™ and
9.75:1:2.35 x 107 for D" with negligible uncer-
tainties. Therefore, the SM D; — e, branching
fractions are expected to be BB,+, < 107% and not
yet experimentally observable.

Using a data sample with an integrated lumi-
nosity of 2.93 fb™! collected with BESIII at the
¥ (3770) peak, a total of about 1.7 million single-
tag D™ mesons are selected using nine hadronic de-
cay modes (summing up to 30% of all D~ decays)
on the tagging side. Throughout this article, charge-
conjugate modes are implicitly assumed, unless oth-
erwise stated. Signal candidates of Dt — utv,
are required to have a signature in which the tag-
ging D™ mesons are accompanied by exactly one
track that is identified as a muon with charge op-
posite to that of the tagging D™. Since the mass-
less neutrino is undetected, the yields of the signal
Dt — putv, decays are measured based on the
missing-mass-squared variable M2, = (Epeam —
E,)? - (_Etag — pu)?* where E, and p,, are the
energy and three-momentum of the muon, respec-
tively, and ﬁtag is the three-momentum of the tagged
D~ candidate. Here M,y,;ss corresponds to the in-
variant mass of the neutrino, and hence the sig-
nal for D¥ — u*v, events is the peak around
M2

miss

= 0, as shown in Fig. 3(a), where a tiny back-
ground is smoothly distributed under the signal
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distribution of the selected (a) 0" — p*v, and (b) D} — p*v, candidates from [23]

and [25], respectively. The error bars show the statistical uncertainty in experimental data. Arrows in plot (a) are the bound-
aries of the signal region, and the inset in plot (b) shows the same distribution on the logarithmic scale. Plots are from [23]

and [25].

Table 1. Measurements of J* and D/ purely leptonic decays with threshold data at BESIII, and comparisons between
experimental results and theoretical expectation or SM-global fit results. (Here, ‘" indicates not available.)

Observable Measurement Prediction/fit
B(DT — utvy,) (3.71 % 0.1945¢ £ 0.065) X 107 [23] -

fo+ Vel (45.75 £ 1.2055¢ £ 0.395yt) MeV -

fo+ (203.8 % 52415 £ 1.85y5) MeV (212.7 4+ 0.6) MeV [22]
[Vl 0.2150 == 0.005 Sta¢ = 0.00205y; 0.22438 #+ 0.00044 [21]
B(DT — tHu;) (1.20 % 0.2445¢ £ 0.1245) X 107 [24] -

(Dt — tTv,)/T(DT = ptv,) 3.21 = 0.64tar £ 043¢y [24] 2.67

B(D} — ptv,) (549 £ 0163 £ 0.1555¢) x 1073 [25] -

Fpr Vsl (246.2 % 3.641a £ 3.555) MeV -

for (252.9 % 3.74ta¢ £ 3.65p5) MeV (249.9 £ 0.5) MeV [22,26]
[Vl 0.985 = 0.0145q¢ & 0.014y 0.97359 £ 0.00011 [21]

(D — ttv)/T(Df — utvy)

fl);f/fDJr

9.98 +0.52 [25]

1.24 = 004415 = 0.024p [25]

9.74

1.1783 £ 0.0016 [28]

peak. From this, BESIII obtained the world’s most
accurate branching fraction measurement for Dt
— v, decay [23], as shown in Table 1. By in-
putting either the LQCD-calculated value for the de-
cay constant [22] or the CKM matrix element val-
ues from a global SM fit [21], the [V,4| or fp+ can
be extracted; the corresponding results are listed in
Table 1. Using the same data sample, BESIII recently
reported the first measurement of the absolute de-
caybranching fraction for DT — v+ v, with a signifi-
cance of 5.10 [24]. The presence of additional final-
state neutrinos from the T+ decays results in more
background and a relatively larger systematic uncer-
tainty than in the D™ — v, decay measurement.

To study the D — pu'v, signal channel,
BESIII uses ete™ — D}D*™ collisions at the
center-of-mass energy of 4178 MeV and performs
a similar analysis as was used for the D™ — u*v,
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decay measurement [25]; the D" — u*v, signal
peak is shown in Fig. 3(b). The absolute branching
fraction and the product fp+|V,| are obtained as
listed in Table 1. Taking the CKM matrix element
|Vis| from the latest global SM fit [21], the D
decay constant is determined. Alternatively, taking
the averaged decay constant from recent LQCD
calculations [22,26], the CKM matrix element is
extracted as listed in Table 1. These are the most
precise measurements to date, and provide an
important calibration of the theoretical calculations
of fp+ and a stringent test of the unitarity of the
CKM matrix with an improved accuracy.

Using the world average values from the Particle
Data Group (PDG) [21], we determine the ratio

RD'

ou =T(D" = )/ T(DF = u'hyy,)

= 3.21 £ 0.64y, £ 0.43, 4)
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which, although still statistically limited, is consis-
tent with the SM prediction of 2.67. With BESIII’s
expected future 20 fb™! data set at the 1/ (3770)

peak, as discussed in [9] and approved by the col-

+
u
improved to about 8%, which will provide an impor-
tant test of the lepton flavor universality (LFU). For

the Dj‘ , we obtain

laboration, the precision on R, will be statistically

D+

Ry, =T(D — t*v)/T(Df — nhv,)

=9.98 £0.52, (s)

which agrees with the SM-predicted value of 9.74.
Meanwhile, D" — 77 v, decays are currently be-
ing studied at BESIII with an expected result that
will have a precision comparable to that achieved for
the D} — putv, decay mode. This result should
improve the accuracy of the fn+|V.;| measure-
mleﬁt and can also be used to test LFU in the ratio
R/, with a precision of 4.7% based on the current
data set [9]. With the expected 6 fb™! data set at

+

4178 MeV, as discussed in [9], the precision on R?/"M
will be systematically limited at about 3% or less,
which will provide for the most stringent test of the
p#~7 LFU in heavy quark decays [27].

Finally, combining the measured fp+|V|
value with its fp+|V,4| counterpart, along with the
|V.q/Ves| value from the global SM fit [21], BESIII
made a direct measurement of the fp+/fp+ decay
constant ratio [25] that is 1.50° higher than the
Flavour Lattice Averaging Group (FLAG) world av-
erage value [28], as shown in Table 1. Since LQCD
can make a very accurate prediction of fp+/fp+,
which is a unique property of purely leptonic
D" /D decays, BESIII can make unambiguous
measurements of fundamental SM parameters and
perform detailed studies of the charmed hadron
decay dynamics. For these purposes, more data
are needed at the DD and D; D}~ thresholds
to pursue high-precision calibrations of LQCD
calculations [9].

Precision measurements of the transition
form factors

In the SM, semi-leptonic decays of charmed hadrons
involve the interaction of a leptonic current with a
hadronic current. The latter is non-perturbative and
cannot be calculated from first principles; thus, it is
usually parameterized in terms of form factors. Still,
the weak and strong effects in semi-leptonic decays
can be well separated, since there are no strong final-
state interactions between the leptonic and hadronic
systems. Among the semi-leptonic decays, the sim-
plest case is DY+ — P¢*v, (where P denotes a
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pseudoscalar meson), for which the differential par-
tial decay width is given, in the limit of negligible
charged lepton mass, by

dr(D* — Petv)  Gi|V,|* Tiatok
dg? T g PRULMT

(6)
Here pp is the magnitude of the three-momentum
of the P meson in the D * rest frame and ff (¢2)
is the form factor of the hadronic weak current de-
pending on > = [M(£v;)|?, the square of the four-
momentum transfer between the initial state D% +
and final state P. Thus, semi-leptonic decays can be
used to extract the product of a form factor normal-
ization chosen to be at g* = 0 and a CKM matrix el-
ement: | V4| f{ (0). These decays allow for a robust
determination of the | V| and |V,4| CKM matrix el-
ements in conjunction with form factors determined
from LQCD calculations. Alternatively, by inputting
CKM matrix elements one can determine the form
factors to provide high-precision tests of LQCD
calculations.

The CLEO experiment had made precision mea-
surements of semi-leptonic charm-decay rates using
a data set accumulated at the ¥ (3770) peak [29].
With a three-times-larger data set, BESIII reported
improved measurements of the absolute decay rates
and the form factors, thereby assuming an important
role in the precision tests of LQCD calculations [9].

Notably, measurements of the exclusive D° —
K €Tv, and 7~ €Tv, decays, as well as DT —
K%% v, and 7% Fv, decay modes, with £ = e
or i, have been reported [30,31]. Results for the
absolute branching fractions are summarized in
Table 2. From studies of the differential decay rates
(see Equation (6)), the products of the hadronic
form factor at > = 0 and the magnitude of the CKM
matrix element, |V.|fX(0) and [V.4]fT(0), are
shown in Table 2. Combining these products with
the values of | V| and | V4| from the SM-constrained
fit [21], we extract the transition form factors

£(0) = 0.7368 = 0.0026, &= 0.00364y5;
and
FI(0) = 0.6372 =& 0.00804; = 0.0044;,

and their ratio

f1(0)
f£(0)
which is in good agreement with the present aver-
age (0.834 £ 0.023) of LQCD calculations [27,28]

and a light cone sum rule value 0.84 £ 0.04 [32].
The experimental precision is better than that of the

= 0.865 £ 0.013,
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Table 2. Measurements of [P /D*, D and A, semi-leptonic decays with near-threshold data at BESIII, and comparisons
between experimental results and theoretical expectation or SM-global fit results. (Here ‘~" indicates not available.)

Observable

Measurement Prediction/fit

B(D® - K~ etv,) (3.505 == 0.014¢y¢ = 0.0334y5¢) % [30] -

Ve | £X(0) 0.7172 = 0.0025 ¢ & 0.003 Sy [30] -

A O] 0.7368 £ 0.00265¢ == 0.00364y5 [30] 0.747 £0.011 2 0.015 [28]
B(D® — w=etv,) (0.295 = 0.004¢¢ = 0.0034y5¢) % [30] -

[Veal £7(0) 0.1435 = 0.0018¢ & 0.0009y¢ [30] -

fF(0) 0.6372 = 0.00805¢¢ & 0.0044y¢ [30] 0.66 £ 0.02 £ 0.02 [28]
B(D* — K%™*v,) (8.60 = 0.0645¢ &= 0.1S55y5)% [31] -

X(0) 0.725 % 0.004q¢ &= 0.0124y [31] 0.747 £0.011 & 0.015 [28]
B(Dt — 7%tv,) (0.363 == 0.0084¢¢ = 0.005y5¢)% [31] -

f7(0) 0.622 % 0.012¢ &= 0.003y [31] 0.66 & 0.02 = 0.02 [28]
F7(0)/fX(0) 0.865 £ 0.013 [31] 0.84 4 0.04 [32]
B(AT — Aetv,) (3.63 £ 0.38a &= 0.20y5)% [33] -

B(AT — Aptvy,) (3.49 £ 0.46t5; & 0.275y5)% [34] -

B(AY — Aptv,)/B(AY — AeTv,) 0.96 = 0.165¢ = 0.04yst [34] ~1.0

(a) (b)

HPQCD PRD82,114506

Belle PRL97,061804, D’ KT’y

CLEO PRD80,032005, D—Ke'v

BaBar PRD76,052005, D°—K'e*y

BESII PRD92,072012, D’—K'e*v

0.747+0.011:0.015

0.695+0.007+0.022 —=—

0.727+0.007+0.009 -

0.739+0.007+0.005

0.7368+0.0026:+0.0036

BESIIl Expected (20fb™), D’—K'e*y 0.7368:0.0009::0.0033

v v by v b b e b by

0.2 0.3 0.4

0.5 0.6 0.7

\\\\‘\\\\‘\\\\‘\\\
HPQCD PRD84,114505

Belle PRL97,061804, D"z 1’y
BaBar PRD76,052005, D’ —ze*y
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BESIIl PRD96,012002, D*—z%*v

BESIIl PRD92,072012, D’—r'e*v

BESIIl Expected (20fb™!), D’—ze*v 0.6372+0.0031:0.0040

o b e b b b b 1

0.666+0.02+0.021

0.624+0.02+0.003 —u

0.61+0.02+0.005 ——

0.666+0.019+0.005

0.6216+0.0115+0.0035 -=-

0.6372:+0.0080+0.0044

7£(0)
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f.(0)

Figure 4. Comparison of the results for (a) ff (0)and (b) 77 (0) measured by the Belle, BaBar, CLEO-c and BESIII experiments.
The green bands present the LQCD uncertainties. The value marked in red denotes the best measurement from BESIII, and
the value marked in dark blue denotes the expected precision from BESIII with ten times the current data set [9]. (Courtesy

of Hai-Long Ma, Institute of High Energy Physics, Chinese Academy of Sciences.)

theoretical calculation. The measurement of f (0)
is dominated by statistical uncertainties. More data
will reduce these uncertainties as discussed in the
BESIII future physics programme [9]. Figure 4
shows the form factors . (0) and f7 (0) measured
by various experiments together with results from
LQCD calculations [27,28].

Based on a 567 pb™' data set collected at
4.6 GeV, an energy point slightly above the ATA~
production threshold, BESIII made the first ab-
solute branching fraction measurement of A —
Ae™Tv, [33]. Similar to the tagging technique em-
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ployed in the DD threshold production, the A~ is
tagged via its hadronic decay modes. As an exam-
ple, Fig. S shows the beam-constrained mass Mgc
distribution for the A” — pK*7~ tagging mode,
where the background level is very low. This is typ-
ical for most tagging modes and demonstrates that
the threshold data sets provide unique opportuni-
ties for nearly background-free charmed baryon de-
cay measurements. Since the massless neutrino is
undetected, the kinematic variable U, = E piss —
c| ﬁmiss| is used to infer its presence, where Eps
and ﬁmiss are the missing energy and missing
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Figure 5. Fit to the My distribution for A — pK T~
decay in the tag side. The points with error bars are data, the
solid curves show the total fits and the dashed curves are
the background shapes. (Courtesy of Pei-Rong Li, Lanzhou
University.)
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Figure 6. Fit to the U distribution within the A signal re-
gion [33]. The points with error bars are data, the solid curves
show the total fits and the dashed curves are the background
shapes. Plot is from [33].

momentum carried by the neutrino, respectively.
The calculation methods of Eps and piss can be
found in [33]. The Uy distribution is presented in
Fig. 6, and a tiny background under the signal peak
is inferred. From this, the absolute branching frac-
tions for AT — Aetv, and A} — Aptv, de-
cays are determined. For the AT — Ae™v, case,
the BESIII result listed in Table 2 corresponds to
a two-fold improvement in the precision of the
world average value. Since the branching fraction
for Aj — Ae™Tv, is the benchmark and serves as a
normalization mode for all other A" semi-leptonic
channels, the BESIII result allows for stringent tests
of different theoretical models. For the muonic de-
cay AT — Aptv,, the BESIII result is the first di-
rect measurement [34], and with it the branching
fraction ratio is determined to be

B(AT — Aptv)/B(AF — Aetv,)
= 0.96 % 0.164 £ 0.04y,
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which is consistent with ¢ — @ LFU. The form
factors for charmed baryon transition to light hy-
perons/baryons will be studied with high precision
when more threshold data samples are collected by
BESII [9]. The detailed g*-dependent transition
form factors can be studied at BESIII, and will pro-
vide unique calibrations of LQCD calculations. Al-
ternatively, with LQCD predictions as input, BESIII
measurements can be used to test LFU at any given
q* value.

Impact on CKM matrix elements:
|Vcs| and |Vcd|

If precision LQCD calculations of the decay con-
stants and form factors are taken as inputs, measure-
ments of branching fractions for the purely leptonic
and semi-leptonic decays can be used to confront
weak-interaction physics. In the past decade, great
progress has been made in the LQCD calculations of
decay constants. The uncertainties of the results have
been reduced from the level of 1%-2% to 0.2% [28].
With these, the BESIII leptonic-decay measure-
ments have uncertainties of 2.5% and 1.5% for |V 4|
and | V|, respectively, and dominate the PDG world
average values. For leptonic decays, the statistical er-
ror on | V4| is larger than the systematic error, while
the statistical and systematic uncertainties of |V
are comparable, as shown in Fig. 7. The BESIII result
for |V,4| listed in Fig. 7(a) is within 1.70 of the value
obtained from a global SM fit to the other CKM ma-
trix element measurements that assumes unitarity.

With additional data from the next 10-year
physics programme for BESIII [9], the relative er-
rors on the |V,| and |V,4| determinations with
purelyleptonic decays will both reach the 1% level; if
the | V4| result is the same as its current central value,
the significance of the discrepancy would increase to
about the 40 level, as shown in Fig. 7(a).

In addition, with the FLAG [28] world aver-
age value for (fp,+/fp+)™A¢ = 1.1783 £ 0.0016,
BESIII obtained |V.y/Vi|? = 0.048 & 0.0034 £
0.0014y, which is consistent with that expected with
the values of |V, and |V4| given by the CKMfit-
ter group to within 20 [36]. The error on the ra-
tio |V.4/V|* is currently dominated by the limited
experimental statistics, and with the planned BE-
SIII final data sample, we expect that the statistical
uncertainty will be comparable to the systematic
uncertainty that arises mainly from the LQCD decay
constant calculations.

The matrix elements |V,| and |V.4| can also
be determined from the measured partial widths
for the semi-leptonic decays Dt — K/{v, and
D) — 7 v, with the computed values of the form
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T T T T T T T T T T T T T T T L L L L L T
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Figure 7. Precision of the measurements of (a) | V4| and (b) | V,s|. The green bands indicate the uncertainties of the average
values from the global fitin the SM [35]. The circles, dots and rectangles with error bars are results derived from semi-leptonic
Ddecays, purely leptonic Ddecays and other methods, respectively. The results marked in red denote the best measurements,
and the values marked in light blue denote the expected precisions with the BESIII data sets that will be accumulated in the
future [9]. (Courtesy of Hai-Long Ma, Institute of High Energy Physics, Chinese Academy of Sciences.)

factors from LQCD taken as inputs [28]. The re-
sults using this method are also shown in Fig. 7. At
present, the uncertainties from LQCD calculations
are 2.4% for f(0) and 4.4% for f] (0), which are
significantly larger than the uncertainties from the
associated experimental measurements, and, there-
fore, limit the determinations of |V,| and |V 4| with
this approach.

With the future BESIII data and improvements
in the LQCD calculations on the decay constants
and form factors that are expected circa 2025, we can
anticipate significantly improved constraints on the
(|Visl, [Veal) plane as shown in Fig. 8 [9], where di-
rect contributions from the BESIII experiment are
indicated. This will allow for precise tests of the
consistency of CKM determinations from different
quark sectors [9,36].

Impact on the charm lifetime and SU(3)¢
symmetry from inclusive
semi-leptonic decays

Isospin symmetry requires that the charged and neu-
tral D mesons have the same inclusive semi-leptonic
partial widths for Cabibbo-favored decays [37],
and this is confirmed by experiments within mea-
surement uncertainties [21]. This prediction is ex-
pected to be reliable, since the lepton cannot in-
teract strongly with the final-state hadrons, and the
charged and neutral D mesons differ only in the
isospin of the light quark. Therefore, a precise mea-
surement of the I'(D° — Xe™v,) /T (DT — Xetv,)
ratio (X refers to any accessible hadronic system)
provides a test of isospin symmetry. With current
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Figure 8. Constraints on the (| V|, |Vzl) plane expected
with the future BESIII data-taking plan as described in the
BESIII white paper [9]. The indirect (green) constraints (from
Bdecays) are related to |V s| and | V4| by unitarity [36]. The
direct (gray) constraints combine purely leptonic and semi-
leptonic Oy decays from the BESIII experiment. The red cir-
cled region of the global combination corresponds to the
68% confidence level. Plot is from [9].

values from the PDG [21], one has I'(D° — Xe™v,)
=(1.58340.027) x 10! s and '(D™ — Xetv,)
= (1.545 £ 0.031) x 10" s7!, and the observed
ratio is

pop+ _ T(D? — Xetw,)
Xev 7 (DT = Xetv,)

= 1.025 % 0.027.
(7)

It indicates the need for reduction of experimen-

tal uncertainties on the branching fraction measure-
ments before the predicted deviations of this ratio
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from unity can be identified. On the other hand,
assuming the equality of semi-leptonic D° and Dt
partial widths, one obtains

7+ [(D°—al)  T(D°— all)
o (Dt —all) T(D°— Xetv,)

r(D* — Xetv,) Bb”
(Dt —al) B

where BD'(BL’) is the inclusive semi-leptonic
branching fraction for D* (D°). Therefore, compar-
ison of BSP; / Bé)LO with Tp+ /Tpo from direct lifetime
measurements from other experiments provides a
test of isospin symmetry in charm decays and QCD
calculations. This analysis is currently ongoing at
BESIII with triple the amount of CLEO-c data, and
the sensitivity will be significantly improved.

Furthermore, inclusive semi-leptonic width mea-
surements of strange and non-strange D mesons
have revealed a clean determination of SU(3) break-
ing effects. According to the operator product ex-
pansion methods [38], the partial widths for the
inclusive semi-leptonic decays of the D*, D® and
D mesons should be equal up to SU(3)r sym-
metry breaking and non-factorizable contributions
(although their phase-space differences may not
be trivial [38]). With the current values from the
PDG[21],onehas (D} — Xetv,) = (1.300 =
0.082) x 10! s7!, and the observed ratio is

(D} — Xetv,)
(D — Xetv,)

D,/D __

Ry, = 0.830 % 0.053.

(8)
Thus, the semi-leptonic D decay rate is (17.0 &

5.3)% lower than the charge-averaged non-strange
D semi-leptonic rate. This difference not only sheds

light on strong-interaction dynamics, but can serve
as a useful calibration for measurements using D"
decays [38]. Inclusive D" — Xe*tv, decay is cur-
rently being studied at BESIII with an expected pre-
cision that will be comparable to that achieved for
the corresponding D — Xe™v, mode.

Similar to the cases for the charmed mesons
(DO/D+/DS+), the lifetime of the Aj charmed
baryon is dominated by the weak decay of the
charm quark, but is somewhat affected by the in-
fluence of the two accompanying light quarks (u
and d) in the hadron state in contrast to the single
light quark component in the meson case. There-
fore, it will be interesting to make a comparison
between the partial widths of the inclusive semi-
leptonic decays AT — Xe™v, and D — Xetv,, so
that one can further understand the internal inter-
actions and structures in the charmed baryon and
mesons. Information about exclusive semi-leptonic
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decays of the Al is sparse [21], and only the
AP — A€ty (¢ = e and u) decay mode has
been measured. The measurement of the branch-
ing fraction of AT — A1, was first performed
by the ARGUS collaboration [39] and subsequently
by the CLEO collaboration [40]. Recently, the
BESIII collaboration measured the absolute branch-
ing fraction of Aj' — ALty as discussed in the
section entitled ‘Precision measurements of the
transition form factors’ [33,34]. A comparison of
the exclusive semi-leptonic decay and the inclu-
sive semi-leptonic decay will guide searches for new
semi-leptonic decay modes. Based on the thres-
hold data at BESIII, the absolute branching frac-
tion of the inclusive semi-leptonic decays of the A
baryon is determined to be B(A} — XeTv,) =
(3.95 £ 0.34 £ 0.09syst)% [41], from which we
obtain [41]

B(AT — Aetv,)/B(A] — Xetv,)
= (91.9 £ 12.5¢ £ S.4gys) %

and determine the ratio

I'(Af - Xet,)/T(D — XeTv,)
= 1.2640.12,

which can be used to restrict different QCD models
and understand the internal interactions and struc-
tures in the charmed baryon and mesons [38,42,43].

UNIQUE PROBES WITH QUANTUM
ENTANGLED D°D° AND A+ A~ STATES

BESIII operating at the 1/ (3770) resonance is a
‘charm factory’ that produces DD pairs in a state
of definite charge-conjugation eigenvalue C = —.
The antisymmetry of the wave function of the D°D°
state induces quantum entanglement between the
decay amplitudes of two D mesons. In particular, if
one D meson is reconstructed in a CP eigenstate,
the other D meson is required to have the opposite
CP quantum number, provided CPis conserved in D
decays. Thus, the transition ¥ (3770) — D°D° oc-
cupies a special place in the charm experimentalist’s
and theorist’s arsenal [44]. BESIII data at ¥ (3770)
offer crucial experimental advantages for the deter-
mination of absolute branching fractions and inter-
terence between the two decay amplitudes from the
entangled D° and D° mesons [45-48], that can be
used to access their relative strong phases [12]. This
suite of measurements is important to the interna-
tional program in precision flavor physics and widely
considered to be one of the main motivations for
a charm factory [9]. Particularly pertinent to this
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review, BESIII offers unique opportunities to search
for CP violation by exploiting quantum coherence in
an almost background-free environment.

e~ — ATA] pro-
duces charmed and anti-charmed baryon pairs. The

Analogously, the reaction e

AT A7 pair must be in a C-odd quantum entangled
state, which provides a unique opportunity to study
the spin observables in the charmed baryon decays
at BESIIL

In this section, we discuss some selected mea-
surements, including: (1) the unique quantum-
coherent measurement of strong phases in neutral
D° hadronic decays and (2) the absolute branching
fraction measurements of the A} hadronic decays
firstly implemented in the cleanest way near thres-
hold. Both of these topics are highlight results in
charm physics at BESIIL

Relative strong phase and constraints
on the CP-violation phase y

The complex phases that result from the strong
interactions between the hadrons in the final states
cannot be reliably calculated in theory and must
be determined experimentally [12]. The values of
the strong phase differences between the Cabibbo-
favored (CF) and doubly Cabbibo-suppressed
(DCS) amplitudes in charmed meson decays are
crucial inputs for the extraction of the CP-violation
phase angle y, i.e. the phase of the CKM matrix ele-
ment V,, [16,49], determined from measurements
of b-hadron decays. A precise measurement of y
provides a benchmark for tests of the SM that can
be used as a probe to search for evidence of physics
beyond the SM [36,50,51]. Three methods have so
far been proposed to determine y: GLW [52,53],
ADS [54,55] and Dalitz (GGSZ) [56] analyses. One
of the most sensitive decay modes for measuring y
is B~ — DK~ with D — Kgmtm~ [56], where D
represents a superposition of D° and D° mesons.
The model-independent approach [57,58] requires
a binned Dalitz plot analysis of the amplitude-
weighted average cosine and sine of the relative
strong phase between D° and D° — Kgmtm™
decay amplitudes to determine y. These relative
strong phases can be uniquely determined from
quantum-correlated ¥ (3770) — D°D° decays.

In 2009 and 2010, the CLEO experiment pre-
sented first measurements of the strong-phase pa-
rameters by using 0.82fb™! of data [59,60]. The
limited precision of these strong phase parameters
translates into a systematic uncertainty for the mea-
surement of y of approximately 4° [61]. In the com-
ing decade, the statistical uncertainty of y is ex-
pected to be 1.5° or less, in which case the overall
precision will be limited by the strong-phase inputs.
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Figure 9. Evolving constraints and the global fitin the (p, 7)
plane (for 6 and 7, see Equation (2)) with the anticipated
improvements by considering the LHCb upgrade [1] and final
data set from the Belle Il experiment [65]. The CP-violation
phase y is expected to have an accuracy around 0.4°, with
the input from 20 fb~" of data accumulated at the D D
threshold [9] at BESIII. The shaded areas have the 95% con-
fidence level. The plot is from the CKM fitter group [36] for
the BESIII future physics programme [9]. Plot is from [9].

Hence, measurements of the relative strong-phase
parameters with improved precision are a high pri-
ority activity that is critical for a range of CP-phase
measurements. At present, BESIII is the only run-
ning experiment that can take data at the D D°-pair-
production threshold. Based on 2.93fb™! of data,
BESIII recently explored several methods to im-
prove the analysis by incorporating more hadronic
D decays to increase statistics, including the devel-
opment of partial reconstruction techniques to im-
prove signal efficiency, and taking the effects of bin
migration into account to reduce possible deviations
of the results [62-64]. These improvements are crit-
ical to provide better precision and accuracy com-
pared to previous measurements [61]. Using the
new BESIII results, the effect of the strong-phase un-
certainty on the value of y will be reduced to around
1.0°, which is approximately a factor of 3 smaller
than what was possible with the CLEO measure-
ments [59,60]. This will ensure that the anticipated
statistical improvements in the measurements of CP-
phase y at the LHCb and Belle II experiments over
the next decade will have a deep impact on precision
tests of the SM.

Given the future sensitivities resulting from the
LHCb upgrade [1] and the final data set from
Belle II [65], the overall constraints and the global
CKM fit on the (0, 7) plane (for p and #), see Equa-
tion (2)) are shown in Fig. 9. The CP-phase y is
expected to have an accuracy of around 0.4° [66],
thanks to the BESIII charm input that will be
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available with the full data sample of 20 fb™! at the
D D mass threshold that is part of the experiment’s
future running plan [9]. Based on the future largest
D D sample, quantum-coherence measurements of
strong phases of more charm decay modes, as stated
in [9], facilitate stringent cross checks of indepen-
dent approaches of determining the y angle and pro-
vide constraints in worldwide averaging the D°~D°
mixing parameters and the involved indirect CP vi-
olation. The future high-statistics B decay data at fu-
ture LHCD upgrade provide sensitivity in accessing
the strong phase parameters in principle. However,
the final BESIII measurement is a necessary input for
reaching the target y sensitivity.

Absolute branching fraction
measurements of the A ; decays

Measurements of weak decays of charmed baryons
provide useful information for understanding the
interplay of weak and strong interactions, and are
complementary to the information obtained from
charmed mesons. The lightest charmed baryon A},
with quark configuration udc, serves as the corner-
stone of charmed baryon spectroscopy. However,
the progress of the theoretical understanding of A
decays has been slow [51,67-73], mostly due to lim-
ited understanding of the non-perturbative effects in
QCD theory in the charmed baryon sector.

Before 2014, most A decay branching frac-
tions were obtained by measuring their ratios to the
reference mode A7 — pK 7%, thus introducing
strong correlations and compounding uncertainties.
The old, experimentally averaged branching fraction,
B(AT — pK~7t) = (5.0 £ 1.3)%, had a large
uncertainty due to the introduction of model as-
sumptions on A inclusive decays in these measure-
ments [74]. Furthermore, only about 40% of the to-
tal decay rate had been measured and many modes
were not identified, such as those with final-state
neutrons. Therefore, comprehensive experimental
measurements of various A" hadronic decays play
an important role in improving different theoretical
calculations [75] and developing the QCD method-
ology in handling non-perturbative effects.

Based on a 567 pb™! data sample accumulated
at 4.6 GeV, BESIII has systematically investigated
the production and decays of the AT [9] for the
first time using near-threshold data, which guar-
antee clean background and controllable system-
atics. BESIII provided absolute measurement of
B(A — pK~7") by counting the relative yields
of the detected Aj'l-\c_ pairs over the single AT,
with the result (5.84 £ 0.27 & 0.2345)% [76].
This has competitive precision to the result (6.84 £
0.247031)% reported by Belle [77] at nearly the
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same time, and the combined precision of the two
measurements is 5.2%, a five-fold reduction of the
previous uncertainty [78]. Since this mode is the
golden channel for detecting A" baryons in hadron
collider experiments, the BESIII resultimpacts many
aspects of heavy flavor physics. For instance, since
the A} decays primarily to A [42,79], it constrains
the measurement of |V,;| via A) — AT~ v. Im-
proved measurements of A" hadronic decays can be
used to constrain charm and bottom quark fragmen-
tation functions by counting inclusive heavy flavor
baryons [80].

In addition, BESIII reported numerous absolute
branching fraction measurements of two-body CF
and singly Cabibbo-suppressed (SCS) decays with
improved precision, as listed in Table 3. The calcu-
lated branching fractions for these modes still have
large uncertainties, and precise experimental mea-
surements are essential to calibrate different models
and explore the dynamics in charmed baryon decays.
For instance, the improved precision provides cru-
cial input to the theoretical predictions [88] for the
observation channels of the doubly charmed baryon
E T at LHCD [89]. In particular, the improved pre-
cision of the SCS modes is useful for testing SU(3)r
symmetry in the charm sector and provides insight
of the size of CP violation in the charmed baryon
sector [90].

Moreover, BESIII observed, for the first time, de-
cay modes with a neutron in the final state, including
Af - nKint[84]and E n Tt nwith ¥~ —
nm~ [85]. These analyses were carried out by using
the missing-mass technique to infer the presence of
a final-state neutron that is only possible because of
the kinematic constrains of pair production in near-
threshold data at BESIIL The results provide use-
ful input to tests of isospin symmetry in the charm
sector.

The hadronic weak decays of charmed baryons
are expected to violate parity conservation. For in-
stance, in a two-body decay A} — BP (B de-
notes a J¥ = %Jr baryon and P denotes a J¥ =
0~ pseudoscalar meson) the parity asymmetry is
defined as otgp = 2Re(s*p)/(Is|* + | p|*), where
s and p stand for the parity-violating s-wave and
parity-conserving p-wave amplitudes in the decay,
respectively. For the process AT — An™, which
proceeds via a W interaction, ¢ — W' + s, the
effects of parity violation are mainly determined
by studying the polarization of the produced A
via its decays to p7r ~ from the initially (polarized)
charmed baryons [75,91]. If CP is violated, the de-
cay asymmetry parameters a;P for AT and Gy
for A have different magnitudes but are opposite
in sign. Hence, separate determinations of otgp and

A5 would facilitate searching for the effects of CP
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Table 3. Measurements of the A hadronic decays (two-body CF, neutron-involved
and SCS decays) at BESIII, and their comparisons to the previous world averages. For
BESIII results, the first uncertainties are statistical and the second are systematic.

Previous world
Decay channel BESIII (%) averages (%) [78]
Two-body CF
pK? 1.52 4 0.08 4 0.03 [76] 1.1540.30
Ant 1.24 £ 0.07 £ 0.03 [76] 1.07 £0.28
07+ 1.27 £ 0.08 £ 0.03 [76] 1.0540.28
DIRE 1.18 £ 0.10 4 0.03 [76] 1.00 4 0.34
Stw 1.56 £ 0.20 4 0.07 [76] 2.74+1.0
20K+ 0.590 % 0.086 % 0.039 [81] 0.50 £0.12
E(1530)°K* 0.502 £ 0.099 & 0.031 [81] 0.44+0.1
=ty 0.41 £ 0.19 £ 0.05 [82] 0.70 £0.23
=ty 1.3440.53 4 0.19 [82] First evidence
»(1385)n 0.91£0.18 £ 0.09 [83] 1224037
Neutron-involved
anﬂJr 1.82+0.23+0.11 [84] First observation
S atat 1.81 4 0.17 4 0.09 [85] 21404
S atatn® 2.11£+0.33+0.14 [85] First observation
SCS
pd 0.106 % 0.019 4 0.014 [86] 0.082 4 0.027
pn 0.124 £ 0.028 &+ 0.010 [87] First evidence
pr® <0.027at90%"C.L. [87] First measurement
prtmT 0.391 4 0.028 % 0.039 [86] 035402
pKTK~ (non-¢) 0.0547 £ 0.0130 & 0.0074 [86] 0.03540.017

violation. So far, only a few decay asymmetry pa-
rameters, e.g. & o5 for Af — AnT,and as+ o for
AT — Z*7° have been studied, and even those
with limited precision [21]. Therefore, improved or
new decay asymmetry measurements are desirable,
as they could shed light on the decay mechanism and
allow searches for CP asymmetries in the charmed
baryon sector. In addition the decay asymmetry val-
ues allow for discrimination between different theo-
retical models, as listed in [75,92].

In the near-threshold production of AT A pairs,
non-zero transverse polarization of the A will aid
the determinations of the decay asymmetries. The
decay asymmetry parameters are determined by
analyzing the multi-dimensional angular distribu-
tions, where the full cascade decay chains are con-
sidered. The detailed method can be found in [93],
in which a joint extraction of the four decay parame-
ters of o oz, s +570, Xs0,+ and o, ko at the same time
was carried out based on the A" sample at 4.6 GeV.
An indiction of a non-zero transverse polarization is
seen with a significance of 2.10, as shown in Fig, 10,
which makes the measurement of the asymmetry pa-
rameter &, go accessible experimentally for the first
time. The asymmetry parameters [93] for the pK°,
An T, 27 7%and %71 modes are measured to be
0.18 = 0.435tq¢ &= 0.14y5, —0.80 £ 0.1 15 &= 0.024ys,
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(sign(agp)sing;sing,y
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cosb),

Figure 10. The effect of the A transverse polarization ver-
suscos g inete” — A, A, atacenter-of-mass energy of
4.6 GeV. Here 0 is the A} production angle relative to the
e~ -beam direction. The solid curve is a fit to the data; the
dotted line is the expectation for zero polarization. Detailed
description can be found in [93]. Plot is from [9].

—0.57 £ 0.104¢¢ &= 0.074y and —0.73 £ 0.17 ¢
0.074yst, respectively. In comparison with previous
results, the measurements for the A7+ and 7
modes are consistent but have an improved preci-
sion, while the parameters for the pK° and X%+
modes are measured for the first time. At present,
no theoretical model provides predictions that are
fully consistent with all these measurements and
BESIII measurements have become benchmarks to
calibrate the QCD-derived theoretical models. Dur-
ing BESIII's 2020 data taking, about 10 times larger
A samples were accumulated at the center-of-mass
energies between 4.6 and 4.7 GeV, and the signif-
icance of A polarization could improve to more
than 5o In this case the precision of the decay asym-
metries will be improved atleast by a factor of 3. With
this information, tests of CP violations can be pur-
sued for the two-body decays by comparing decay
asymmetry parameters measured separately for AT
and A7

SUMMARY AND PROSPECTS

Charm particle weak decays remain an exciting field
for both theoretical and experimental investigations.
In this article, we summarize results on charm decays
that have been obtained in the BESIII experiment
with data sets collected at the production thres-
holdsof DD, D**D[ and Aj'l-\c_. These data sam-
ples allow the application of double-tag methods to
fully reconstruct events even when invisible parti-
cles, such as neutrons or neutrinos, are present in the
final states. This provides a unique environment to
obtain the absolute branching fractions of charmed
hadron decays to purely leptonic, semi-leptonic
and hadronic final states with very low background
levels. These BESIII measurements provide rigorous
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Table 4. Prospects of some key measurements with the
future data-taking plan in the BESIII white paper [9].

Observable Measurement BESIII [9]
B(DT — tTw) fo+1Veal 1.1%
B(D;" — ¢tv,) Fp#IVes! 1.0%
dr(D%+ — Ketvg)/dg? FEO)| V| 0.5%
dr(D” + — wetvy)/dg? FF(0)|Veal 0.6%
dr(D; — netv,)/dg? f10)V ] 0.8%
Strong phases in D° Constraint on y <0.4°

AF — pK~nt
Aj’ — AZ+V[

B(AT — pK~ =) 2%
B(AT — AlTvg) 3.3%

tests of QCD-based models and measurements of
the CKM matrix elements | V.| and |V 4], supply in-
puts to CKM weak phase measurements and test
leptonic-flavor universality.

Charmed hadron studies will continue during
the future upgrade of the BESIII experiment. By the
end of the BESIII program, which will include some
important machine upgrades, 10 times the current
amount of data will be collected [9], and this will
usher in a precision charm flavor era. High statistics
data near the production thresholds with quantum-
coherent initial states at BESIII will provide key
measurements of the phase differences between
the decay amplitudes while no reliable QCD-based
computation is available. This suite of measurements
is important to the worldwide flavor physics pro-
gram. New inputs from future BESIII analyses based
on larger data samples will deepen our understand-
ing of the detailed dynamics of charm decays and
hopefully facilitate reliable theoretical predictions
for the CP asymmetry in the charm sector [3], there-
fore allowing us to search for new physics beyond
the SM.

In addition, other experiments, such as LHCb
and Belle II, are running and will produce huge
statistics of charm hadrons, providing stringent
constraints on CP-violation observables [3].
The sensitivity of the observed CP asymmetry
in charmed meson decays by LHCb is about
3 x 107* [2], which is consistent with the SM
expectation O(10™* — 1073) [94]. BESIII, with
20 fb~! of data at the 1/(3770) peak, can only
reach a sensitivity level of a few percent on the
CP-violation measurements, and the corresponding
sensitivity at a super-7-charm factory [95,96] is
only O(1073), which is still one order of magnitude
lower than that for the current LHCb data set [97].
However, a super-7-charm factory has the potential
to provide constraints on the decay dynamics of
charmed hadrons [98]. All these experiments plus
their future upgrades will continue the studies
of charmed hadron physics that will deepen our
understanding of strong interactions in the charm
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sector, and constrain the SM parameters. Finally,
Table 4 presents the precision prospects for some
key charmed hadron measurements that are based
on the BESIII future data-taking plan.
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ABSTRACT

1.2.* Rinaldo Baldini Ferroli®-4* and BESIII Collaboration

Electromagnetic form factors are fundamental observables that describe the electric and magnetic structure

of hadrons and provide keys to understand the strong interaction. At the Beijing Spectrometer (BESIII),

form factors have been measured for different baryons in the time-like region for the first time or with the

best precision. The results are presented with examples focused on but not limited to the proton/neutron,

the A, with a strange quark, and the A, with a charm quark.

Keywords: baryon structure, form factor, threshold effect, abnormal production

INTRODUCTION

Baryons and mesons are both hadrons, i.e. bound
systems of quarks in a naive quark model [1] or,
more accurately, also gluons in modern theory.
Baryons are half-integer spin fermions, comprised, in
a first approximation, of three quarks held together
by the strong interactions. Protons (p) and neu-
trons (n), collectively known as nucleons (N), are
the lightest baryons, and are the major components
of the observable matter of the Universe. A nucleon
has three valence light quarks (u or d); if one or more
of its u or d quarks are replaced by heavier quarks
(s, ¢, b or t), it becomes a hyperon. The most known
baryons are the spin 1/2 SU(3) octet, including the
isospin doublet p/n, singly stranged isospin singlet
A, singly stranged isospin triplet ¥~ /%°/% " and
the doubly stranged isospin doublet 7 /E° [2].
The lightest charmed baryon is the A" [2]. Hadrons
are not point-like particles, and their internal electric
and magnetic structure is characterized by their elec-
tromagnetic form factors (FFs).

The particles are so tiny (of the order of
107! m, or a femtometre) that they cannot be
observed directly by the human eye (ability of
107* m, or 0.1 mm), an optical microscope (res-
olution of 1077 m, or 0.1 ;um) or even an electric
microscope (resolution of 1071 m, or 0.1 nm,
the size of an atom). Instead, their properties are
studied through collisions. When two particles tra-
verse each other, they interact by exchanging force

carriers called bosons that transfer some energy and
momentum (i.e. four momentum) from one to the
other. For electron-nucleon scattering, the electron
is a probe that spies the secrets hidden inside the
nucleon, and in this case the four-momentum
transfer squared has a negative value (¢* < 0),
and is categorized as a space-like process. When
a particle and an anti-particle meet, for example
in the case of an electron and a positron, they can
annihilate—i.e. disappear into a virtual photon—
and then produce an fermion-antifermion pair that
eventually materializes as a system of hadrons, of
which a baryon-antibaryon pair is one possibility. In
this case the four-momentum transfer squared has a
positive value (g* > 0), and is classified as a time-like
process. The Feynman diagrams for these two pro-
cesses are shown in Fig. 1(a) and (b), respectively.
For the latter, the form factors of the participating
baryon can be deduced from the behavior of the
outgoing baryon-antibaryon pair, which is the
subject of the study covered in this paper.

Hadronic production data from electron-
positron annihilations at low energies (around
the giga-electron-volt order) are important to the
understanding of the structure of hadrons and the
strong interactions of their constituent quarks.
Moreover, since hyperons are not stable, they can
be studied only in the time-like domain. The Beijing
Spectrometer (BESIII) [3] at the Beijng Electron
Positron Collider (BEPCII) [4] operates in the

© The Author(s) 2021. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https: //creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.
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Figure 1. Lowest-order Feynman diagrams for elastic electron-hadron scattering
e~ B— e~ B(a), and for the annihilation process ete~ — B B (b).

center-of-mass energy range from 2.0 and 4.6 GeV,
which is a transition region between perturbative
and non-perturbative quantum chromodynamics
(QCD). Using the initial state radiation (ISR)
technique, BESIII can also access energies below
2.0 GeV. The ete™ collision data that are used
for QCD studies at BESIII include an integrated
luminosity of 12 pb™! at four energies (2.23, 2.4,
2.8 and 3.4 GeV) in the continuum taken in 2012,
about 800 pb~! at 104 energies between 3.85 and
4.6 GeV taken in the 2013-14 run, and about
650 pb~! at 22 energies from 2.0 to 3.08 GeV
taken in 2015. These are the so-called scan data,
with moderate luminosity at each energy point;
nonetheless, for these energies, they are the largest
data samples in the world. There are also much
larger samples for charm physics or XYZ particle
search, some as large as a few fb~'ata single energy,
which are suitable for ISR-type analyses. With these
huge data samples, BESIII is uniquely well suited
to make baryon form factor measurements with
unprecedentedly high precision.

BARYON MYSTERIES

The standard wisdom is that baryons are bound
states of three quarks, but this description is incom-
plete. For example, though nucleons are the basic
building blocks of observable matter in the Universe,
notall of their basic properties such as their size, spin,
magnetic moment and mass are fully understood,
even after 100 years of study [5,6].

The charge radius of a proton measured by
muonic Lamb shift once differed from that deter-
mined by electron-proton scattering or electronic
Lamb shift by as much as five standard devia-
tions [7], but recent measurements from electron
scattering [8] and hydrogen spectroscopy [9] elim-
inated the discrepancies, and this so-called proton-
radius puzzle has been essentially solved [10,11].
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The proton spin has also been in a crisis in the
era of the constituent quark model. The European
Muon Collaboration (EMC) experiment found that
the baryon spin is not only due to the spins of the
valence quark [12]. It has been commonly assumed
that the proton’s spin of 1/2 was formed by two
quarks with parallel spins and a third quark with op-
posite spin. In the EMC experiment, a quark of a po-
larized proton target was struck by a polarized muon
beam, and the quark’s instantaneous spin was mea-
sured. It was expected that the spin of two of the
three quarks would cancel out and the spin of the
third quark would be polarized in the direction of
the proton’s spin. Thus, the sum of the quarks’ spin
was expected to be equal to the proton’s spin. Sur-
prisingly, it was found that the number of quarks
with spin in the proton’s spin direction was almost
the same as the number of quarks whose spin was in
the opposite direction. Similar results have been ob-
tained in many experiments afterwards, demonstrat-
ing clearly that both generalized parton distributions
and transverse momentum distributions are impor-
tant in the nucleon spin structure [13]. Our mod-
ern understanding is that the nucleon spin comes
not only from quarks but also from gluons, and var-
ious contributions can be calculated using, e.g. Ji’s
sum rule [14]. The abnormal magnetic moment of
a proton (much larger than that for a Dirac point-
like particle) is generally considered an indication of
a more complicated internal structure than simply
three spin-1/2 quarks in a relative S wave.

Moreover, the mass of a proton cannot be ex-
plained by the Higgs mechanism, since the sum of
the quarks masses inside a proton is too small, which
means that there are considerable contributions to
its mass from the strong interactions among quarks
and gluons. Nowadays, these contributions can be
calculated precisely in the lattice QCD, so the pro-
ton mass is largely understood [15,16].

BARYON FORM FACTOR
MEASUREMENTS AT BESIII

The differential cross section of electron-positron
annihilation to a baryon-antibaryon pair can be writ-
ten as a function of the center-of-mass (c.m.) energy
squared sas [17]

dogs(s a’BC
21;2( ) = 4'? I:lGM(S)|2(1+C0S29)
4m?

+

- |GE(s)|2sin29}, (1)

N

where 6 is the polar angle of the baryon in the

ete” cm. frame and B =,/1 —4m%/s is the
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speed of the baryon. The Gamov-Sommerfeld factor
C [18-20] describes the Coulomb enhancement
effect: for a charged baryon pair, C = y/(1 —
e”) with y = ray/1 — B2/B accounts for the
electromagnetic interaction between the outgoing
baryons; while for a neutral baryon pair, C = 1. The
form factors, G and Gy, essentially describe the
electric and magnetic distributions inside the baryon
and basically provide a measure of its boundary or
size. These are functions of the four-momentum
transfer s = g%, so should more accurately be written
as Gg(q*) and Gp(g*). In the time-like domain, the
form factors are complex with nonzero imaginary
parts, and the translation into the internal structure
is not straightforward, contrary to the case in the
space-like region. It is noteworthy that final-state in-
teractions become prevailing close to threshold and
should thus be properly dealt with. By definition,
the electric and magnetic form factors should be
equal at the baryon-antibaryon pair’s mass threshold
where only s-wave production contributes [21],
ie. Gg(4m3%) = Gy (4m3), but generally they
are not. In analyses of data with limited statistics
it is often assumed that they are equal and the two
form factors are replaced by an effective form factor,
Geﬁ‘ == GE = GM

In principle, the Coulomb interaction between
the outgoing charged baryon pair BB~ should play
an important role, in particular, by producing an
abrupt jump in the cross section at threshold, since
the phase space factor § is canceled by a 1/ factor
in the Coulomb correction (however, there is no full
consensus on that), which is a non-perturbative cor-
rection to the Born approximation to account for the
Coulomb interaction between the outgoing charged
baryons. In fact, the cross section forete™ — pp
at threshold has been measured to be very close
to the point-like value, which is consistent with the
prediction, but then it is followed by a flat behav-
ior, which is unexpected. While, for a neutral-baryon
pair B® B, the cross section at threshold should be
zero according to equation (1). The minimum c.m.
energy for BESIII data is 2.0 GeV, which is about
122 MeV above the nucleon-antinucleon threshold,
so no solid conclusion can be drawn for the proton-
pair and neutron-pair cases, but BESIII can test
these effects for charged baryons by seeing if there
is a step with a value close to the point-like one
for A} A production, and for neutral baryons by
seeing if the cross section is vanishing at the AA
at threshold. Present BESIII results seem to indi-
cate that at both the ATA~ and AA thresholds
there is a step that is close to the point-like value
for charged particles, although maybe not exactly the
same.
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Proton

Space-like proton form factors have been
measured with very high precision in many
experiments [22,23]. In the time-like region,
there have been a few measurements of G.g
by DM2 [24,25], E760 [26], PS170 [27],
FENICE [28], E835 [29,30], BaBar [31,32]
and CMD-3 [33,34], but these have relatively poor
precision and mutual agreement. For the |Gg/Gpu|
ratio, the measurements were rare and there is
a long-time tension between PS170 and BaBar.
The BESII experiment also measured the proton
effective form factor, but with poor statistical pre-
cision [35]. BESIII continued this effort using the
2012 and 2015 scan data, and produced the most
accurate |Gg/Gy| ratio measurements at 16 c.m.
energies between 2.0 and 3.08 GeV [36,37] that fa-
vor BaBar over PS170 and helped clarify the puzzle.
BESIII also performed the measurements using the
ISR technique [38,39], with results that are consis-
tent with those of BaBar. The BESIII measurements
are shown in panel (a) of Fig. 2 fora p p production
cross section in the range 2.0-3.08 GeV, in panel
(b) for the effective proton time-like form factor, in
panel (c) for the form factor ratio R = |Gg/Gy| and
in panel (d) for the effective form factor residual,
together with results from other experiments. The
best precision in the time-like region was reported
by BESIII, and the electric form factor was extracted
for the first time. The unprecedented 3.5% uncer-
tainty that was achieved at 2.125 GeV by BESIII
is close to that of the best measurements in the
space-like region, which have been at per cent levels
for a long time. The CMD-3 experiment measured
the production cross section of the proton pair and
observed an abrupt rise at the nucleon-antinucleon
threshold [34], as expected for point-like charged
particles according to equation (1). BESIII did not
extend down to the threshold energy, but the results
around 2 GeV agree with CMD-3. This information
improves our understanding of the proton inner
structure from a different dimension and helps us
to test theoretical models that depend on non-
perturbative QCD, e.g. charge distribution within
the proton can be deduced [40,41]. The near thresh-
old behavior of the electromagnetic form factor of
a hadron is mostly determined by the interaction
of the hadron and antihadron in the final state, and
therefore measurements of the form factor proper-
ties can also serve as a fruitful source of information
about hadron-antihadron interaction [42].
Interestingly there are oscillations in the effective
proton form factor, first seen by BaBar and later
confirmed by BESIII [38]. These oscillations were
subsequently studied with more precise data by
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Figure 2. (a) The cross sections for e" e~ — pp. (b) The effective proton time-like
form factor. The blue curve is the result of an attempt to fit the measurements with a
smooth dipole-like function. (c) The ratio = | G/ Gy|. (d) Effective form factor residual
Ap) after subtracting the one calculated by QCD theory (the blue curve shown in (b)), as
a function of the relative motion p of the final proton and antiproton. Plots are from [37].

BESII [37]. Bianconi and Tomasi-Gustafsson
[43] speculated that possible origins of this curious
behavior are rescattering processes at relative
distances of 0.7-1.5 fm between the centers of
the forming hadrons, leading to a large fraction of
inelastic processes in p-p interactions, and a large
imaginary component to the rescattering processes.

Neutron

Prior to the BESIII experiment, there was a long-
standing puzzle related to the differences between
the neutron and proton production rates. QCD-
motivated models predict that the cross section
for the proton should be 4 times larger than for
the neutron [44], or they should be same [45].
In contrast, the FENICE experiment found that
the neutron cross section was twice as large as the
proton’s, albeit with statistics that were very limited,
only 74 nn events in total for five energy bins [28].
More recent measurements in the vicinity of the
nucleon-antinucleon threshold are from the SND
experiment [46,47]. The cross sections of e Te ™ —
nn and the neutron form factors between 2 and
3.08 GeV have been measured by BESIII with
a good deal more data, over 2000 n7i events at
18 energies [48]. Because the final-state neutron
and anti-neutron are both neutral, with no tracks
recorded in the drift chamber, the event selection
is a challenge. The information in the calorimeter
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Figure 3. Ratio of the Born cross section of ete~™ — ppto
thatof ete~ — nn.

and the time-of-flight counters has to be used to
identify the signal; as such, the selection efliciency
is much lower and the number of observed neutron
events is significantly less than that for protons.
Neutron measurements from SND [46,47] and
BESIII [48] overlap and roughly agree at 2 GeV,
where a cross-section behavior that is close to the
te~ — pp case is observed, in particular, a flat
behavior above threshold up to 2 GeV, as seen by
CMD-3 [34]; however, this challenges the expected
behavior from equation (1). For energies above
2 GeV, the BESIII measurements of the ratio of the
proton-to-neutron cross sections is more compati-
ble with the QCD-motivated model predictions: as
shown in Fig. 3, the cross section for ete™ — pp

e

is larger than fore*e ™ — ni in general.

From BESIII measurements of the angular dis-
tributions foreTe ~ — NN events, the S-wave and
D-wave contributions are disentangled for the first
time, which is currently under further investigation
in the collaboration. Moreover, from comparisons
ofthee™e™ — niiande™e™ — p p cross sections,
the isoscalar and isovector components of e Te ™ —
NN can, in principle, be separated [49]. One of the
components dominates and is nearly constant up to
2 GeV, similar to eTe™ — p p, but at present it is
difficult to identify whether this component is the
isoscalar (very likely the largest) or the isovector
one. With more data in the future, this identification
could be achieved by BESIIIL.

The A hyperon

The A, which is the lightest hyperon that con-
tains an s quark, is more difficult to study than
the nucleon because of its smaller production
cross section. It was measured previously in
the DM2 [25] and BaBar [S0] experiments,
but the results were not conclusive. BESIII has stud-
ied the channel e Te = — A A [51] with an analysis
that used 2 40.5 pb™! data sample that was collected
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Figure 4. (a) Measurements of the e¥e~ — A A cross section. (b) The A effective
form factor. Plots are from [51].

at four different energy scan points during 2011
and 2012. The lowest energy point is 2.2324 GeV,
only 1 MeV above the AA threshold. These data
made it possible to measure the Born cross section
very near threshold. To use the data as efficiently
as possible, both events where A and A decayed
to the charged mode (Br(A — pm~) = 64%)
and events where the A decayed to the neutral
mode (Br(A — am®) = 36%) were selected. In
the first case, the identification relied on finding
two mono-energetic charged pions with evidence
for a p annihilation in the material of the beam
pipe or the inner wall of the tracking chamber. In
the second case, the 71 annihilation was identified
with a multi-variate analysis of variables provided
by the electromagnetic calorimeter. Additionally,
a mono-energetic 7° was reconstructed to fully
identify this decay channel. For the higher energy
points, only the charged decay modes of A and A
were reconstructed by identifying all the charged
tracks and using the event kinematics. The resulting
measurements [S1] of the Born cross section are
shown in Fig. 4(a) together with previous measure-
ments [25,50]. The Born cross section near thresh-
old is found to be 312 £+ Sl(stat.)fzg(sys.) pb. This
result confirms BaBar’s measurement [50], but with
much higher momentum transfer squared accuracy.
Since the Coulomb factor is equal to 1 for neutral
baryon pairs, the cross section is expected to go to
zero at threshold. Therefore, the observed threshold
enhancement implies the existence of a compli-
cated underlying physics scenario. The unexpected
teatures of baryon pair production near threshold
have driven a lot of theoretical studies, including
scenarios that invoke bound states or unobserved
meson resonances [42,52,53]. It was also inter-
preted as an attractive Coulomb interaction on the
constituent quark level [54,55]. Another possible
explanation is that the final-state interactions play
an important role near the threshold [S6-58]. The
BESIII measurement improves previous results at
low invariant masses at least by 10% and even more
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above 2.4 GeV/c. The A effective form factor
extracted from the cross-section measurement is
shown in Fig. 4(b).

According to the optical theorem, there is a
nonzero relative phase between Gg and Gy. At
My i = 2.396 GeV, where we have the largest A A
sample of 555 events from 66.9 pb™! data, a multi-
dimensional analysis was used to make a full de-
termination of the A electromagnetic form fac-
tors for the first time for any baryon; the relative
phase difference is A® = 37° £+ 12° £+ 6° [59]
with the input parameteravs = 0.750 3= 0.010 mea-
sured from J/¢ decays [60]. The improved de-
termination of op also has profound implications
for the baryon spectrum, since fits to such ob-
servables by theoretical models are a crucial ele-
ment in determining the light baryon resonance
spectrum, which provides a point of comparison
for theoretical approaches [61]. The |Gg/Gy| ratio
was determined to be R = 0.96 &+ 0.14(stat.) &
0.02(sys.) and the effective form factor at M ; =
2.396 GeV was determined to be |G .| = 0.123 +
0.003(stat.) & 0.003(sys.). The A angular distribu-
tion and the polarization as a function of the scat-
tering angle are shown in Fig. 5(a) and (b), respec-
tively. This first complete measurement of the hy-
peron electromagnetic form factor is a milestone in
the study of the hyperon structure, while the long-
term goal is to describe charge and magnetization
densities of the hyperons.

The A . charmed baryon

Experimental studies on charmed baryons have been
rather sparse. The only previous study of the pro-
cesseTe” — AFA_ is from the Belle experiment,
which measured the cross section using the ISR tech-
nique [62], and reported alineshape thatimplied the
existence of a likely resonance, called the Y(4660).
Based on 631.3 pb™! data collected in 2014 at the
four energy points /s = 4.5745, 4.5809, 4.5900
and 4.5995 GeV, BESIII measured the Aj'[\c_ cross
section with unprecedented precision [63]. The
lowest energy point is only 1.6 MeV above the
AT AT threshold. At each of the energy points,
ten Cabibbo-favored hadronic decay modes, A —
pKnt, pK, Ant, pK 7% pKo7°, A",
pKst ™, Artatn~, 07% and Tt as
well as the corresponding charge-conjugate modes
were studied. The total Born cross section is ob-
tained from the weighted average of the 20 indi-
vidual measurements, and the results are shown in
Fig. 6(a). Similar to the case for ete™ — pp,
an abrupt rise in the cross section just above
threshold that is much steeper than phase-space
expectations is discerned, which was not seen by
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Figure 5. (a) The acceptance corrected A scattering angle distribution for ete~ —
AA at M,z = 2.396 GeV. (b) The product of the A decay parameter o, and A po-
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Figure 6. (a) The Born cross section of et~ — A A obtained by BESIII and Belle.
(b) The angular distribution and corresponding fit results in data at /s = 4.5995 GeV.

Plots are from [63].

Belle due to limitations in the ISR method. BESIIT’s
measured cross-section lineshape is different from
Belle’s, disfavoring a resonance like Y(4660) in the
Aj[\; channel. The BESIII results have driven dis-
cussions in the theoretical literature [64].

High statistic data samples at /s = 4.574S
and 4.5995 GeV enabled studies of the polar an-
gular distribution of A, in the ete™ center-of-
mass system. The shape function f(0) o (1+
ay, cos® 0) is fitted to the combined data contain-
ing the yields of A} and A_ for all ten decay
modes, as shown in Fig. 6(b). The ratio between
the electric and magnetic form factors |Gg/Gy| can
be extracted using |Gg/Gu|*(1—B%) =(1—
o4,)/(1+ ap, ). From these distributions, the ra-
tios |Ge/ G| of A have been extracted for the first
time: they are 1.14 & 0.14 (stat.) = 0.07 (sys.) and
1.23 4 0.05 (stat.) & 0.03 (sys.) at /s = 4.5745
and 4.5995 GeV, respectively.

BARYON CHALLENGES AT BESIII

The energy thresholds for pair production of all of
the ground-state spin-1/2 SU(3) octet and spin-3/2
decuplet are accessible to BESIIL. Baryon form
factor measurements are among the most important
reasons why BESIII has collected an unprecedented
amount of off-resonance data. From the analysis
of existing data, it is expected that the ratio of the
absolute values of the A electromagnetic form
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Figure 7. A compilation of cross sections, revealing sim-
ilar patterns for all BB pairs measured so far: pp by
BaBar [31,32] and BESIII [37], nA by SND [46,47] and BE-
S [48], AA by BESIII [51], =+%~/%~ %+ by BESIII [65],
E-E*/EEY by BESIII [66,67], A} A by Belle [62] and
BESIIN[63].

factors, |Gg/Gul|, can be measured at five energy
points. The most interesting findings are the abrupt
cross-section jumps at threshold followed by a nearly
flat behavior that hasbeen observed for AA, AT A,
p p, nii, etc. If the BEPCII energy could be lowered
to the vicinity of nucleon-antinucleon threshold,
BESIII will be able to confirm the p p and nn cases
with much better precision. Figure 7 shows the
cross-section lineshapes for a variety of baryon-
antibaryon pairs, including those that were recently
measured for singly stranged 2 * X7/~ X+ [65],
doubly stranged E~E* [66] and E°E° [67]. They
all seem to share the common feature of a plateau
starting from the baryon pair production threshold,
though for some channels, more statistics are ideally
needed. The behaviors of £°%° (the last member
to be covered for the spin-1/2 SU(3) octet baryons)
and other baryon pairs will be reported in the near
future.

SUMMARY AND PROSPECTS

The measurements of baryon form factors have been
an important ongoing activity at BESIIL. Form fac-
tors of the proton with the best precision were ob-
tained in the time-like region, and the electric form
factor of the proton was measured for the first time.
Measurements of the neurtron time-like form fac-
tor with unprecedented precision have also been re-
ported. The A and A, were studied and in both
cases abnormal cross-section enhancements were
observed near the production thresholds. The form
factors of the A were extracted for the first time.

In addition, /X~ [65], E~ [66] and E° [67]
form factor measurements were recently reported,
and results for X° will soon be released. BESIII also
has a plan to explore the nucleon production thresh-
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old by taking data in the range 1.8-2.0 GeV for
~100 pb~! at 23 energy points [68], in order to
study the anomalous threshold cross-section behav-
ior in more detail. With numerous first measure-
ments and interesting discoveries, these studies shed
new light on the understanding of interactions and
the fundamental structure of particles.

It will take a long time to ultimately unravel the
fundamental structure of baryons. Further improve-
ments in the form factor measurement of baryons
will continue to be the focus of future powerful
electron-ion colliders in America (EiC) [69] and
China (EicC) [70], super electron-positron collid-
ers in China [71] and Russia [72] for the space-like
and time-like regions, respectively.
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ABSTRACT

The standard model (SM) of particle physics, comprised of the unified electroweak and quantum
chromodynamic theories, accurately explains almost all experimental results related to the micro-world, and
has made a number of predictions for previously unseen particles, most notably the Higgs scalar boson, that
were subsequently discovered. As a result, the SM is currently universally accepted as the theory of the
fundamental particles and their interactions. However, in spite of its numerous successes, the SM has a
number of apparent shortcomings, including: many free parameters that must be supplied by experimental
measurements; no mechanism to produce the dominance of matter over antimatter in the universe; and no
explanations for gravity, the dark matter in the universe, neutrino masses, the number of particle
generations, etc. Because of these shortcomings, there is considerable incentive to search for evidence for
new, non-SM physics phenomena that might provide important clues about what a new, beyond the SM
theory (BSM) might look like. Although the center-of-mass energies that BESIII can access are far below
the energy frontier, searches for new, BSM physics are an important component of its research program.
This report reviews some of the highlights from BESIII’s searches for signs of new, BSM physics by:
measuring rates for processes that the SM predicts to be forbidden or very rare; searching for non-SM
particles such as dark photons; performing precision tests of SM predictions; and looking for violations of
the discrete symmetries C and CP in processes for which the SM expectations are immeasurably small.

Keywords: new physics, dark photons, lepton flavor violation, C and CP violation

INTRODUCTION

The standard model consistently predicts the results
of experimental measurements and has emerged as

mechanism for CP violation fails to explain the
matter-dominated universe by about 10 orders of
magnitude; there must be additional CP-violating
mechanisms in nature beyond those contained in
the SM.

¢ The model has no explanation for dark matter,

the only viable candidate theory for describing el-
ementary particle interactions [1-4]. In spite of its
great success, there are a number of reasons to
believe that the standard model (SM) is not the
ultimate theory, including the following.

which is, apparently, the dominant component of
the mass of the universe.

The particles in the SM are arranged in three gen-
erations of colored quarks and three generations

¢ The SM has 19 free parameters that must be
supplied by experimental measurements. These
include the quark, lepton and Higgs masses,
the mixing angles of the Cabibbo-Kobayashi-

of leptons; particle interactions are mediated by
three forces: the color, electromagnetic and weak
forces. The theory provides no explanation for why
Maskawa (CKM) quark-flavor mixing matrix, and the number of generations is three and it does not
the couplings of the electric, weak and quantum account in any way for gravity, the fourth force that
chromodynamic (QCD) color forces. is known to exist.
* As first pointed out by Sakharov [5], the matter-

antimatter asymmetry of the universe implies As a result, there have been a huge number of
the existence of sizable CP-violating interac-  experimental efforts aimed at finding ‘new physics,’

tions in nature. However, the established SM  which refers to new physical phenomena beyond

© The Author(s) 2021. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http: //creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.
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the standard model (BSM) of particle physics. This
may be, for example, a new fundamental particle,
such as a fourth generation quark or lepton, or a
new fundamental force carrier, such as a dark pho-
ton, high-mass gauge boson, a new Higgs-like me-
son, etc. Searches for new physics can be performed
in two ways. One method is to look for direct pro-
duction of new particles in collisions at high-energy
accelerators, for example at the Large Hadron Col-
lider, and reconstruct it from its SM decay products.
Another way is to measure precisely a decay process
that can be accurately described by the SM, and look
for deviations from the SM prediction of the decay
rate. According to quantum field theory (QFT), new
heavy particles can contribute to the decay process
through virtual loop diagrams. These make preci-
sion measurements sensitive to new physics, and this
technique is widely used in high intensity collider
experiments such as BESIII [6-8].

Here we review highlights of some of these
activities at BESIIL

RARE PROCESSES

Search for flavor changing neutral
currents

Flavor changing neutral current (FCNC) processes
transform an up-type (u, ¢, t) or down-type (d, s, b)
quark into another quark of the same type but with
a different flavor. In the SM, these processes are me-
diated by the Z boson and are known as neutral cur-
rents. However, they are strongly suppressed by the
Glashow-Iliopoulos-Maiani (GIM) cancelation [9]
and only occur as second-order loop processes. In
many extensions of the SM, virtual TeV-scale par-
ticles can contribute competing processes that lead
to measurable deviations from SM-inferred transi-
tion rates or other properties. Hence, studies of rare
FCNC processes are suitable probes for new physics.

Recently, hints of discrepancies have been ob-
served in the semi-leptonic FCNC processes of the
b quark, b — s¢t¢~ (£ = ¢, ), by the LHCb ex-
periment [10]. (1) The differential branching frac-
tions measured as a function of the squared four-
momentum transferred to the two leptons, Q?, for
several B-meson decay modes are below the the-
oretical predictions [11-15]. The largest local dis-
crepancy is a 3.30 difference in the rate for B —
¢ decay from its SM-predicted value. (2) The
ratios of branching fractions for decays involving
muons and electrons, defined as

_ B(B* — K*utu7)
B(Bt — Ktete™)

B(BY — K*Tutu™)

B(Bt — K*tete )’

Ry

and RK* =
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which are unity in the SM (i.e. lepton-flavor univer-
sality), were measured to be [16,17]

Rg = 0.745795%% £ 0.036 at central

Q% €[1.0,6.0] GeV/c?, 2.60,

Rg+ = 0.6610 g5 &+ 0.03 at low
Q* € [0.045, 1.1]GeV/c?, 2.10 —2.30,
R+ = 0.69f8i(1); 4 0.05 at central

Q* € [1.1,6.0]GeV/c?, 2.40 —2.50,
where the levels of deviations from the SM predic-
tions are indicated. (3) Measurements of the quan-
tity P, which is the chiral asymmetry produced by
the interference between the transversely and lon-
gitudinally polarized amplitudes in the decay B —
K*T¢1¢~,are2.80 and 3.00 lower than the SM pre-
diction in two Q? intervals below the ]/ resonance
mass [18]. Since these discrepancies could be evi-
dence for new particles that would extend the SM,
itis important to check if there are similar deviations
in the charm sector.

While SM rates for FCNC transitions in the
down-type b- or s-quark sectors are relatively fre-
quentbecause of the large mass of the top quark con-
tribution to the loop, those in the up-type c-quark
sector are especially rare due to the small masses
of the intermediate down-like quarks in the loop
that result in a strong GIM cancelation. For ¢ —
u transition rates for charmed and charmonia par-
ticles that proceed via the SM loop contribution,
dubbed short distance effects, the expected branch-
ing fractions are typically between <10~® [19-24]
and 1071°-107!* [25-27], respectively. For FCNC
decays of charmed mesons, the measured rates are
enhanced by a few orders of magnitude by SM con-
tributions from long distance effects that proceed
via di-lepton decays of ordinary p, w and ¢ vector
mesons [23,24]. However, some extensions to the
SM further enhance these FCNC processes, some-
times by orders of magnitude [22,28-32].

The BESIII experiment has searched for c-quark
FCNC processes in both charmed meson and char-
monium decays. No significant signals for new
physics are found in any of the investigated decay
modes, and the inferred 90% confidence level (CL)
upper limits on the branching fractions are summa-
rized in Table 1.

* For the D° — yy mode, the upper limit is con-
sistent with that previously set by the BaBar ex-
periment [33]. The BESIII result is the first exper-
imental study of this decay that uses D° mesons
produced at the open-charm threshold.
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Table 1. Results for the upper limit at the 90% CL on the branching fractions for various FCNC process searches performed
at BESIII. Also listed are the best previous results and the SM predictions, where the branching fraction calculations for
charmed meson and charmonium decays are based on long distance and short distance contributions, respectively.

BYL at Previous SM

Mode Data 90% CL Ref. best BUL Ref. prediction Ref.
D — yy 2.92 b~ ¥ (3770) 3.8x107° [36] 22x107¢ [33] 3.5%x 1078 [20]
Dt = ntnlete 2.93 b~ ¥(3770) 1.4 x 107° [37]

Dt — Ktalte 2.93 b~ 4 (3770) 1.5 x 1073 [37]

DVt — KirTete 2.93 b1 v (3770) 26x107° [37]

Dt — K Ktete™ 2.93 b1 ¥ (3770) 1.1 x 107° [37]

D% - K Ktete™ 2.93 b~ ¥ (3770) 1.1 x 107 [37] 3.15x 1074 [34] 6.5 %1077 [24]
D —» mtaete” 2.93 =1 v (3770) 0.7 x 107° [37] 3.73 x 1074 [34] 2.0x 107° [24]
D® - K nmtete 2.93 b1 v (3770) 41x107° [37] 3.85x 1074 [34] 1.6 x 107° [24]
D° — m0%te 2.93 b~ ¥ (3770) 0.4 x 1073 [37] 0.45 x 107* [34] 0.8 x 107° [21]
D® — nete 2.93 b~ ¥ (3770) 03 %1073 [37] 1.1 x 1074 [34]

DY — wete™ 2.93 =1 v (3770) 0.6 x 107° [37] 1.8 x 107* [34]

D% > KdeTe™ 2.93 b1 v (3770) 1.2 x107° [37] 1.1 x 1074 [34]

J/¥ — D%te” 1.31BJ/y 85x 1078 [38] 1.1 x 1073 [35] 4.8 x 10714 [27]
¥(28) — Dete 448 M v (28) 14 x 1077 [38]

¥(2S) —> Afpete™ 448 M v/ (2S) 1.7 x 1076 [39]

* For the rare decays D — h(h())ete™, where
h indicates a meson that is comprised of u, d,
and s quarks, searches for four-body decays of D™
mesons are performed for the first time, and the
upper limits for D° meson decays are, in general,
one order of magnitude better than previous mea-
surements [34].

Searches for the FCNC decays 1/ (2S) — D% e~
and ¥ (2S) — A pete are performed for the
first time. The upper limit on J/y — D%%te™ is
2 orders of magnitude more stringent than the
best previous result, which was set by the BESII
collaboration [35].

Prospects for BESIII rare decay searches

The BESIII FCNC search results mentioned above
are based on data collected in 2009-2012, which in-
cluded 1.31B ]/ and 448M v/ (2S) event samples
and a 2.93 fb™! data sample that was accumulated
at Ecy = 3.773 MeV, the peak energy of the
¥ (3770) — DD resonance. BESIII has recently
increased the ]/ data sample to 10B events and will
eventually increase the 1/ (2S) sample to 3B events,
and the ¥ (3770) — DD data to 20 fb~! (see
Table 7.1 of [40]). Since the results listed in
Table 1 are mainly limited by statistics, when the full
data are available and analyzed, the sensitivity levels
of FCNC searches should improve, in most cases,
by factors of ~7, and decay branching fractions will
be probed at the 107°~1078 levels. If no interesting
signals are found, more stringent upper limits would
be established that should further constrain the pa-
rameter spaces of a number of new physics models.
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In contrast to FCNC processes, charged-current
weak decays of charmonium states are allowed, but
are expected to occur as very rare processes; the
SM-predicted branching fractions are of the order
10791078 [25], which means that they would be
difficult to detect at BESIII, even with the full 10B
event ]/ data sample. However, some BSM calcu-
lations based on a two-Higgs-doublet model predict
that the branching ratios of charmonium weak de-
cays could be enhanced to be as large as 1075 [41].
BESIII searched for several Cabibbo-favored weak
decays, such as the hadronic processes J /¢ —
D p" and J /¥ — D°K*° [42], and the semi-
leptonic process J /¢ — DS(*)_e+ve [43], and es-
tablished 90% CL branching fraction upper limits in
the ~107°-107 range. Searches for some Cabibbo-
suppressed weak decays of the ]/ are currently un-
derway at BESIII, with expected branching fraction
sensitivity levels of about 107.

TESTING SM PREDICTIONS FOR LEPTON
COUPLINGS AND CKM MATRIX
ELEMENTS

In the SM, the strength of charged-current weak in-
teractions is governed by a single universal parame-
ter, the Fermi constant Gg. The three charged lep-
tons (¢7, =, ) all couple to the W boson with
this strength, a feature called lepton-flavor universal-
ity (LFU). Although the quarks appeared, at first, to
have different coupling strengths, this is because of
a misalignment between the charge =—1/3 strong-
interaction flavor eigenstates (d, s, b) and their
weak-interaction counterparts (d', s, b'), as was first
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Table 2. BESIII measurements of charmed particle semi-leptonic and purely leptonic branching-fraction measurements, and

comparisons of the I'4,)/T",, to SM expectations for LFU.

Mode Hlevts B (x1073) Ref. Ce)/Tu SM pred. \/ % -1
D’ - K putv, 47.1K 34.13 4 0.1940.35 [54] 1.027 4+ 0.014 1.026 £ 0.001 0.001 + 0.008
D® - K e, 70.7K 35.05 + 0.14£0.33 [5S]

D' -7 utv, 2.3K 2.72 £ 0.08 £0.06 [56] 1.085 + 0.037 1.015 £ 0.002 0.034 + 0.019
DY — ety 6.3K 2.95 £ 0.04 4 0.03 (55]

DT — Kuty, 20.7K 872+ 0718 (57] 1.012 % 0.033 ~1.03

DT — K%y, 26.0K 86.0 £ 0.6+ 1.5 (58]

Dt > n%utv, 1.3K 3.50 & 0.1140.10 [56] 1.037 4 0.045 1.015 # 0.002 0.011 = 0.023
Dt = 7%t, 34K 3.63 & 0.08 4 0.05 (58]

Dt - wutv, 194 1.77 + 0.18 £0.11 [59] 0.92 £ 0.14 0.93 —0.97

DT — wetv, 491 1.63 & 0.11 £ 0.08 [60]

DT — puty, 234 1.04 £ 0.1040.05 [61] 1.03 £ 0.13 1.0 — 1.03

DT — netv, 373 1.07 £+ 0.08 £0.05 (62]

AF = Aptv, 79 349 + 4.6+2.7 [63] 1.04 £ 031 ~1.0

AT = Aety, 104 36.3 + 3.8+2.0 [64]

Dt — Ty, 137 1.20 & 0244 0.12 [65] 321 £0.77 2.67 0.096 + 0.132
Dt — utv, 409 0.37 £ 0.02 £ 0.01 [66]

D -ty 4.9K 527 £1.0+12 [67] 9.72 + 0.37 9.75 —0.002 £ 0.019
Df — utv, 1.1K 549 + 0.16+0.15 (68]

realized by Cabibbo in 1963 [44]. He hypothesized
that the weak interaction flavor states were related to
the strong-interaction states by an orthogonal rota-
tion; the most general rotation matrix for three quark
generations was first written down by Kobayashi
and Maskawa in 1973 [45]. The universality of the
quark-W couplings is reflected by the unitarity of the
CKM matrix. The equality of the weak interaction-
coupling strengths for the quarks and leptons is a
feature that is specific to the SM and is violated by
many beyond-the-SM theories, such as those that
include fourth generation quarks, additional weak
vector bosons or multiple Higgs particles.

Search for violations of charged lepton
flavor universality

The equality of the electron and muon couplings, g,
and g, has been established at the (0(0.2%) level,
ie. (g/g. — 1) = 0.002 % 0.002, by a compar-
ison between the Kt — e*v, and K — utv,
partial decay widths measured by the NA62 exper-
iment [46] together with values from the Particle
Data Group (PDG) for the K lifetime and the elec-
tron and muon masses [47]. The best test of the
equality of the 7-lepton coupling and muon cou-
plings, (gr/g, — 1) = 0.0008 £ 0.0021, has simi-
lar precision and is from a BESIII measurement of
the tau mass [48] together with PDG values of the
tau-lepton’s lifetime and leptonic decay branching
fractions.

The possibility of LFU violation has attracted
considerable recent attention because of measure-
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ments from BaBar [49], Belle [S0] and LHCb [51]
of the relative decay rates for the semi-leptonic
processes B — D™t~y and B — D™¢ v
(£~ = p~ ore”) that seem to violate SM expec-
tations. Specifically, the Heavy Flavor Averaging
Group’s recent averages of experimental measure-
ments are [52]

B(B — Dt v)
Rp=—oe———">
B(B — D¢~ v)
= 0.340 & 0.027 & 0.013(expt.)
[SM:0.299 £ 0.003],
B(B — D*t~
— )

~ B(B > D)
= 0.295 4 0.011 %+ 0.008 (expt.)

[SM:0.258 + 0.005]. (1)
Here the discrepancies with LFU, if they are real
and not just statistical fluctuations, are of order 10%,
and motivate more careful checks of LFU in semi-
leptonic and purely leptonic charmed particle decays
with BESIII data.

BESIII tests of LFU

Charmed particle decay measurements at BE-
SIII are summarized in detail elsewhere in this
journal volume [$3]. Table 2 summarizes mea-
surements that are relevant for LFU tests, where
all the measurements agree with SM expectations
within 1 ~ 2¢. The quantities in the last column,
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Figure 1. (a) The CKM matrix and its Wolfenstein parameterization. The shaded rectangles in the latter have areas o<| V.
(b) Values of sin@ derived from different measurements. The value based on nuclear 8 decay is from [70], the one from
K.z (Ke3) decays is from [72] ([75]), and the one from D decays is the average of BESIIl B(D+ — pu*v) [66] and B(D° —
7-etv)/B(D° — K ~etv)[55] measurements. The shaded blue band is the PDG 2018 sin 6 value based on a unitarity-

constrained fit to all CKM elements [47].

V(Le(xy/ T)/SM — 1, which would be (g.(r)/gy

— 1) if radiative corrections and detailed consid-
erations of the relevant form factors were properly
applied, are included as indicators of the sensitivity
levels. According to these values, the most stringent
BESIII sensitivity levels for LFU-violating effects are
a factor of § better than those of the B — D®) 7~ v
measurements (equation (1)) but an order of
magnitude poorer than the limits on g, /g, from the
K" decay.

Future prospects for LFU tests at BESIII

The most stringent BESIII tests for LFU-violating
effects in charmed-particle decays are derived from
measurements of D — K{¢™v and 7¢"v semi-
leptonic decays, where the current (g./g, — 1) sen-
sitivities are at the 1% ~ 2% level. These results are
based on the analysis of the 2.97 fb~! data sample
accumulated at ¥ (3770) — D D resonance. When
the analysis of the full 20 fb™! data set is complete,
the sensitivity levels of the LFU tests, which are now
mostly statistically limited, will improve by factors
of ~2.5, and be in the sub-1% range. In this case,
if the current 1.80 discrepancy that BESIII sees in
D® — K™ £ v is real and the central value reported
in Table 2 persists, its significance will increase to
more than 40. The other BESIII measurement with
tv

and DY — ptv purely leptonic decay rates that

interesting potential is the ratio of the D" — ¢

is based on analyses of a 3.19 fb~' data sample
collected at Ecyy = 4178 MeV, where o (e Te™ —
DT D) has a local maximum of ~1 nb. In this
case, the BESIII long-range plan includes an ad-
ditional 3 fb~! data sample at 4178 MeV, which
would provide a V2 improvement in (g; /g, — 1)
sensitivity.
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Unitarity of the CKM matrix and the
Cabibbo angle anomaly

The CKM matrix (see Fig. 1(a)) is the DNA of fla-
vor physics; its elements characterize all of the SM
weak charged current interactions of quarks. It de-
fines a rotation in three dimensions of flavor space
and, in the SM where there are three quark genera-
tions, it must be exactly unitary; any deviation from
this would be a clear signal for new physics.

The unitarity condition for the top row of the
CKM matrix is: |Vg|* + |Vil* + |Vip|*> = 1. Ex-
perimentally, a high-precision value of |V,4| comes
from an analysis of eight superallowed 07 — 07 nu-
clear B8 decays [69] corrected for electroweak effects.
The latest result is |V,4| = 0.97370(4) [70]. A pre-
cise value of the ratio | V| /|V,a| = 0.2313(5) is de-
termined from a KLOE measurement of B(K+ —
utv) [71], the PDG 2018 world average for
B(zx™ — u*v) [47] and a Flavour Lattice Aver-
aging Group average of LQCD evaluations of the
pseudoscalar form-factor ratio fx+/fz+ [72]. The
value of |V, |?, determined from B-meson decays,
is ~ O(107°) and is a negligible contributor to the
unitarity condition [47]. The combination of these
results [70],

[V l? + [Vis P + Vi |* = 0.9983(5),  (2)

indicates a nominal ~3.50" deviation from unitarity
that, if taken at face value, is strong evidence fora SM
violation.

Since deviations from CKM unitarity would be
a clear sign of new physics, the equation (2) result
inspired further investigation. These included:
independent determinations of |V,4| based on
the neutron lifetime [73,74] that returned consis-
tent results, albeit with a slightly larger error; an
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independent evaluation of |V|/|V,4| using
B(K; — mtv) and B(n* — 7% Tv) [75] that
found an even larger deviation from unitarity,
but with a correspondingly larger error; and re-
examinations of the nuclear physics corrections used
in the nuclear 8-decay analyses for |V,4] [76,77] that
did not change the central value, but indicated that
the previous error that was assigned to these effects
may have been somewhat underestimated. The cur-
rent state of affairs is that the best current analyses
of the existing data find an (0(0.1%) deviation from
unitarity for the top row of the CKM matrix with a
significance level that is somewhere in the 20 ~ 50
range.

The strong generational hierarchy of the CKM
quark-flavor mixing matrix is illustrated in Fig. 1(a),
where the Wolfenstein parameterization [78] is
shown with shaded rectangles with areas that are
proportional to |V;;|. Transitions between differ-
ent generations (ie. further off-diagonal elements)
are successively suppressed by additional factors of
A =sin6¢ 2 0.225, where 0 ¢ is the Cabibbo angle.
A striking feature of the Wolfenstein formulation,
and a characteristic of the SM, is that, to O(A%) ~
107*, the four entries in the upper-left corner of the
matrix, i.e. all transitions involving (4, d) and (¢, s)
quarks, are well characterized by the single parame-
ter, sin @ c. Grossman ef al. [79] argued that compar-
ing the sin 6 ¢ values derived from different g; <> g; (i
=ucGj= d, s) subprocesses is a more sensitive test
for new physics than tests of the CKIM matrix unitar-
ity, and provided, in support of this claim, an exam-
ple of a toy model that has a heavy gauge boson with
different d- and s-quark couplings that demonstrates
this. In Fig. 1(b), values of sin 6 ¢ derived from the
nuclear 8 decay (u <> d) and Ky, and Ky3 decay
(u <> 5) transitions discussed in the previous para-
graph are shown. The apparent discrepancy from a
single, universal value is referred to as the Cabibbo
angle anomaly.

Studies of ¢ — d transitions provide indepen-
dent sin 6 ¢ determinations. In the SM, |V 4| = | V|
= sinf¢; a deviation between the sin 6 ¢ value in-
ferred from ¢ — d decays and that evaluated from
Ky, and Ky3 decays would be another clear indi-
cation of new physics. To date, this relation has
not been strenuously tested. The PDG 2018 world-
average value, | V| = 0.2243 3 0.0005, differs from
that for |V = 0.218 £ 0.004 by 1.50, with an
uncertainty that is nearly an order of magnitude
poorer [47]. The best determinations of | V4| to date
are from statistically limited BESIII measurements
of B(D™ — pu™v) [66] and the ratio B(D° —
7 etv)/B(D® — K~ e*v) [55], both of which
are based on analyses of BESIII’s 2.97 fb™! sam-
ple of ¥(3770) — DD events that are discussed
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elsewhere in this journal volume [53]. The average
value of the two |V4| measurements is plotted in
Fig. 1(b).

With the full 20 fb~! 1/ (3770) data sample, the
BESIII precision on |V,4| should be improved by at
least a factor of 2.5; if the result is the same as the cur-
rent central value, the significance of the discrepancy
would increase to about the 40 level.

SEARCHES FOR NON-SM SOURCES OF
CPVIOLATION

Searches for new sources of CP violation have been
elevated to a new level of interest by the recent
LHCDb discovery of a CP-violating asymmetry in the
charmed quark sector; a So difference between the
branching fractions for D° — K"K~ or 77~ and
D to the same final states, with a magnitude of or-
der 1073 [80]. The measured CP-violating asymme-
try is at the high end of theoretical estimates for
its SM value, which range from 1073 [81-84] to
1074[85]. Although the LHCb result is intriguing in
that it may be a sign of the long-sought-for non-SM
mechanism for CP violation, uncertainties in the SM
calculations for this asymmetry make it impossible
to either establish or rule out this possibility [86].

Violations of CP have never been observed in
weak decays of strange hyperons; the current limit
on CP-violating asymmetry in A hyperon decay is
of order 102 [87], which is 2 orders of magnitude
above the highest conceivable SM effects [88]. A
non-zero measurement of a CP-violating asymmetry
at the level of ~10~® would be an unambiguous sig-
nature for new physics.

Search for CPviolationin A — p7—
decay

Parity violation in the weak interactions was discov-
ered in 1957 [89,90]. Immediately thereafter there
was considerable interest is studying parity viola-
tions in strange hyperon decays that were predicted
by Lee and Yang [91]. For the Y — B weak decay
process, where Yis one of the spin =1/2 strange hy-
perons and B is an octet baryon, parity violation al-
lows for both S- and P-wave transitions, and the final
states are characterized by the Lee-Yang parameters

_ 2Re(S*P) _ 2Im(S*P)
ISP +IPR SR+ [P
IS]> — [P
= — 3
ATIEENTE )

where a? + B2 + 2 = 1. If the initial state Y has
a non-zero polarization Py, the B flight direction in
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Figure 2. (a) Polarized Y — Br decay illustrating the «, B, ¥ dependence of the
daughter Bpolarization, where § is a vector along the Bmomentum in the Yrest frame.
(b) The J/¥ — A A reaction. Parity conservation in J/v decay guarantees that the
(cos -dependent) A and A polarizations are equal and perpendicular to the production
plane.

the Yrest frame relative to the polarization direction,
0, is distributed as d N/d cos 6 o 1 4+ a|Py| cosb
and, if o is also non-zero, has an explicit parity-
violating up-down asymmetry. The polarization of
the daughter baryon, 733, depends on Py, 0 and the
@, B, y parameters, as illustrated in Fig. 2(a). If CP
is conserved, the decay parameters for Y and Y are
equal in magnitude but opposite in sign. (The param-
eters for Y are denoted by & and f.) Violations of
CP symmetry would result in non-zero values for the
parameters Acp and Bcp, defined as

ata and BCPE%. (4)

Acp = .
o—a

Measuring ap for A — pm~ decay is not
straightforward. Measurements of the up-down
parity-violating asymmetry in A — pmr ~ determine
the product s Py, where P, is generally unknown.
To extract oy, the polarization of the final-state
proton must be measured. This was done in a series
of pre-1975 experiments by scattering the final-state
proton on carbon, with a world-average result of
ap = 0.642 £ 0.013 [92]; this was the PDG value
for 43 years, from 1976 until 2019.

BESIII measured o and &, with fully recon-
structed ete” — J /¥ — (A — pr )(A —
pr™) events. For this reaction, the joint angular
distribution can be expressed as [93]

dl o (1 + ay cos’ 0,)
X [1+Pa(cosOp)(ap cosO_ + @y cosh)]
+apan[Fi(§) + (1 —ay)'? cos AGF,(£)],
(5)
where 64 is the A production angle relative to the
et-beam direction (the cos @, distribution is 1 +
aycos?0p); AD is the complex phase difference
between the A 1 and Ay _ helicity amplitudes;
and & denotes (B4, 0_, ¢_0,, ¢p), where 6_,

¢- (04, @) are the A (A) decay angles (see
Fig. 2(b)). The cos®,-dependent A (and A)
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polarization is given by

1- oti)l/2 cos By sin Oy sin AP
1 4 oy cos? O, '

Pa(coshp) =
(6)

The A polarization is zero if the A  and Aj _
helicity amplitudes are relatively real (ie. A® =
0), in which case it is apparent from equation (5)
that only the product «p& can be measured and
individual determinations of s and &, cannot be
extracted from the data. (Expressions for (&) and
F, (&) are provided in [93].)

When BESIII was being planned, it was generally
thought that Py ~ 0and that J /Y — AA events
would not be useful for CP tests. It was somewhat
of a surprise when BESIII subsequently discovered
that, in fact, the polarization of A and A hyper-
ons produced in J/v decays is substantial [94], as
shown in Fig. 3(a). With a sample of 420K fully
reconstructed | /¢ — (A — pr~)(A — pr™)
eventsina 1.3B J/v event sample, BESIII measured
AL, = —0.006 £ 0.012 = 0.007. This null result
improved on the precision of the best previous mea-
surement, Aé\P = 40.013 £ 0.022 [87], that was
basedon96K p p — A A events, bya factor of 2. As
a byproduct of this measurement, BESIII made the
world’s most precise measurement of a4 = 0.750
=+ 0.010, a result that is more than S standard devi-
ations higher than the previous PDG average value.
It is likely that all previous measurements were bi-
ased by a common systematic problem, probably re-
lated to the spin analyzing properties of carbon; the
PDG 2019 value for o 5 is solely based on the BESIII
value [47].

Prospects for BESIII CPviolation studies

The BESIII values for A"C\ p and @, mentioned in
the previous paragraph were realized by an analysis
of 1.3B J/v decays, which is a small subset of BE-
SIIT’s total 10B J/ event sample. The analysis of
the full data set is currently underway, which, when
completed, will provide a factor-of-3 improvement
in sensitivity.

BESIII is currently applying a similar analysis to
J/¥ — (E- — An~)(ET — Ax*) hyperon
pairs, where preliminary results [95] demonstrate
that there is substantial transverse E polarization
(see Fig. 3(b)). In E"E™ events, the ag decay
parameter influences both the up-down decay
asymmetry in the primary & — Am process, and
the polarization of the daughter A hyperons (see
Fig. 3(a)) that can be determined from the decay
asymmetry in the secondary A — p7~ decay. For
a given sample of J/v decays, the number of fully
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reconstructed &~ E" events in which A — prr~
and A — prmt are only about one-quarter of the
number of reconstructed J /Y — AA events

because of the smaller J /Y — &~
fraction and a lower detection efficiency. Neverthe-

a2t branching

less, this lower event number is compensated by the
added information from the daughter A decays. As
a result, the sensitivity per event for the E~ decay
parameters is higher than that for A parameters
with J /¥ — AA events, and simulations show
comparable precisions for a¢g- and s [96]. In
contrast to A — p7r, where measuring the daughter
— Am
decays the daughter A polarization is measured and

proton’s polarization is impractical, in 2

BE, can be determined; B, is potentially more
sensitive to new physics than A%, [97].

In addition to the A hyperons produced by
J/¥ — AA, those produced as daughters in
J/¥ — (E- — An")(E't — Ant) events are
also useful for A%, measurements. The rms polar-
ization of A hyperons produced via J /¢ — AA
(see Fig. 3(a)) is (P /y,A)mms ~ 0.13. In contrast,
the rms polarization for A hyperons produced
as a daughter particle in 27 — Anm~ decay
is (Pg-.A)ms =~ |ag-| = 0.39 £ 0.01 (see
Fig. 2(a)). Thus, (Pz- A )ms ~ 3(7)]/1/,,/\)1—,115 and,
since the A2, sensitivity is proportional to /M evs
but linear in (PA )ms, a A from E- — Am ™ decay
has 9 times the equivalent statistical power of a A
from J /¥ — AA. Detailed estimates of BESIII’s

ultimate statistical error for Acp with the existing
10B J/y event sample, including A hyperons
from E — Am decays, are reported in [96] and
summarized here in Table 3. The projected ultimate
Aép sensitivity is (2 x 107%), which is an order
of magnitude improvement on the pre-BESIII
result [87].

STANDARD MODEL FORBIDDEN
PROCESSES

Cross sections for ete™ — hadrons in the BESIII ac-
cessible Ecy regions are O(107nb) and the exper-
iment typically records O(10°) events/day. How-
ever, at the J/1 resonance peak, the cross section
is ~3.6 ub, and in a typical day of operation BE-
SIII collects O(108) events. The cross section at the
¥ (2S) peak is ~2 b and the event rate is O(5 x
107) events/day. Thus, at the ]/ and ¥/ (2S) peaks,
BESIII has a high rate of events in a very clean experi-
mental environment that is well suited for high sensi-
tivity searches for a number of SM-model forbidden
processes. About one-third of the ¥/ (2S) events de-
cay via ¥ (2S) — 7t 7]/, where the triggering
on, and detection of only the 7 77 ~ pair provides an
unbiased ‘beam’ of tagged J/ mesons that can be
used to search for decays to final states that would
otherwise be undetectable. Table 4 summarizes
published BESIII results for forbidden J/v decay

processes.

Search for the Landau-Yang theorem
forbidden J/y — yy decay

The Landau-Yang theorem states that a massive
spin-1 meson cannot decay to two photons
[103,104]. As a consequence, the /¢ — yy decay
mode is strictly forbidden. An unambiguous signal
for J/Yv — yy would signal a breakdown of the
spin-symmetry theorem of QFT, the underlying
framework of the SM and its many proposed new
physics extensions. (For a discussion of how QFT
might be modified to accommodate a Landau-Yang
theorem violation, see [105].)

Table 3. The expected numbers of fully reconstructed events and the extrapolated 1o statistical errors on (a) = (@ —
@)/2 and Agp from a complete analysis of J/¥ — AA, E-E+ and E°Z0 events in BESIIl's 10B J/v event data sample
(from [96]). Here the full reconstruction of the A — pr~ and A — pmr+ decay channels are required.

Reaction B(x107%) Revts San) 5A8, Slag-) SAE, Sago) 5AE,
J/¥ — AA 18.9 3200K 0.0010 0.0049

J/¥ — E” Oha 9.7 810K 0.0018 0.0034 0.0016 0.0039

J /¥ — E°E° 11.6 670K 00019 0.0041 0.0017 0.0049
Combined 0.0013 0.0023
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Table 4. Results of the SM forbidden J/+ decay searches performed at BESIII, showing the data sample size, the upper
limit at 90% CL on the branching fractions and the best previous results.

Mode Data BYL at90% CL Ref. Previous best BYL Ref.
IV —yy 106M v/ (25) 2.7 x 1077 [98] 5% 107 [99]
I — yé 106M v (25) 1.4 x 1076 [98]
T/ — ew 225M ]/ 1.6 x 1077 [100] 1.1x 1076 [101]
J/¥ — Afe™ 1.31BJ/¢ 6.9 x 1078 [102]

The PDG 2018 upper limit, B(J /¢ — yy) <
2.7 x 1077 [47], is entirely based on a BESIII mea-
surement that uses tagged J/v mesons that recoil
from the 717~ system in ¥ (2S) - 77 J/¢
decays [98], and is a factor of 20 times more sen-
sitive than previous measurements [99]. In a data
sample containing 106M v/ (2S) decays, events with
two oppositely charged tracks and two y-rays that
satisfy a four-constraint energy-momentum kine-
matic fit to the 7 t71 ~ ¢y hypothesis were selected.
Figure 4(a) shows the mass recoiling against the
7t~ tracks where there is a 29 & 7 event peak at
the J/v mass that is consistent with being entirely
due to the expected background from roughly equal
numbers of J/{ — y7° and y 17 events in which the
7% and 1) decay to a pair of y -rays with a large energy
asymmetry and the low energy y is undetected ei-
ther because its energy is below the detection thresh-
old or outside of the fiducial acceptance region of the
detector (Jcos 6, | > 0.92).

Search for the charge-conjugation parity (C)
violating J/v — y ¢ decay

A similar BESIII analysis searched for J/yy —
y¢ [98]. Although this process does not violate
the Landau-Yang theorem, it violates C conserva-
tion. The weak interactions are known to violate
C conservation, but the expected branching frac-
tions for weak-interaction-mediated J/1 decays are

@ _ o
T 20F ERCn 3
% 18F I 10:
S I6F E s
o E E s °F
g l4F ER=
S nf 1 £ o
Z10f 1 5[
H :
<L
ok A T AT Py T TR
3.04 3.06 3.08 3.10 3.12 3.14 3.16 0.991.001.011.

M (GeV/c?) M. (GeV/e?)

Figure 4. (a) The 77~ recoil mass spectrum for selected ¥(2S) — mTx~yy
events. The peak at the 7 *7r ~ recoil mass ~m,;,, = 3.097 GeV is entirely attributable
to backgrounds from J/y — ym®and y 7. (b) The K+ K~ invariant mass distribution
for ¢(28) - ym T~ Kt K™ events with Mly Kt K=) = my;y, £ 15 MeV. A J/ —
y ¢ decay would show up as a narrow peak with MIK*K~) ~ m, = 1.02 GeV. Both
plots are from [98].
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below the level of 107 [106]. If J/¥ — y¢
were seen with a branching fraction that is higher
than this, it would imply a violation of C conser-
vation in the electromagnetic interaction and be
an indicator of new physics. This measurement is
based on a search for J/i{ decays to y¢; ¢ —
KTK~, with tagged J/v¥ mesons from ¥ (2S) —
7t~ J/¢ decays. In this case kinematically con-
strained yr 7w "KTK™ events, where the K™ and
K~ are positively identified as such by the BESIII
PID systems and the 777~ recoil mass is within
+15 MeV of my;y. Figure 4(b) shows the K* K~ in-
variant mass where there is no sign ofa ¢ — KK~
peakat Mg+x- ~ mg = 1020 MeV. A90% CL up-
per limit on the size of the ¢ signal is <6.9 events,
which translates into a branching fraction upper
limit of B(J /¥ — y¢) < 1.4 x 107°. This is the

first experimental limit for this decay.

Search for lepton flavor violation in J/ ¢
— eu decays

The discovery of neutrino oscillations [107] pro-
vided clear evidence for violations of lepton flavor
conservation (LFV) in the neutrino sector. How-
ever, the SM translation of the neutrino results to the
charged-lepton sector predicts LFV effects that are
proportional to powers of the neutrino masses with
branching fractions that are immeasurably small
(<10731). Thus, any observation of LFV at levels
much higher than this would be clear evidence for
new physics, such as grand unified theories or the
presence of extra dimensions. Although most at-
tention is given to LFV searches in muon decay,
tau decay and ;4 — e conversion experiments, in
some theories LFV quarkonium decays, including
V - E;ET decays, where i # j, are promising re-
actions [108]. BESIII searched for the LFV decay
J/ — et

The best previous limit was a 2003 BESII result,
B(J /¥ — e~ ™) < 1.1 x 107 [101], that was
based on an analysis of a sample of S8M ]/ events.
This was improved by a 2013 BESIII result that
was based on a sample of 225M ]/ events. In this
analysis, the variables | Y p|/+/s and E;/+/s are

examined for events with two back-to-back and



Natl Sci Rev, 2021, Vol. 8, nwab189
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Figure 5. (a) Plot of | > p|/+/s versus Es/+/s for selected J/y» — e~ ™ candidate events in BESIII [100]. (b) Diagrams
for leptoquark-mediated J/v¢ — e~ A} decay as per the model of [109]. (c) The pK~sr* invariant mass distribution for
selected, kinematically constrained J/v — e~ pK~x* events (from BESIII [102]). The expected shape ofa J/¢ — Afe;

A — pK~z signal is shown as the blue histogram.

oppositely charged tracks, with one track positively
identified as an electron and the other as a muon.
Events with detected y -rays or additional tracks are
rejected, and selected events are required to satisfy
a four-constraint energy-momentum kinematic
fit. The main background is expected to be from
J/¥ — putu” events in which one of the muons
passes the electron identification requirements.
Figure 5(a) shows a scatterplot of |Y_ p|/+/s
versus E./+/s for selected events, where the
four events in the signal box are consistent with
the 4.75 £ 1.09 background events that are
expected. (This background level corresponds
to a muon to electron misidentification prob-
ability of ~107".) The 90% CL upper limit of
B(J/¥ — e ut) < 1.6 x 1077 that is estab-
lished [100] is a factor of 7 more stringent than the
previous result.

Search for lepton/baryon number
violationsinJ/y — Ate”
In addition to CP violation, another requirement
that Sakharov listed for the production of the
matter-antimatter symmetry of the universe is
the existence of a mechanism for baryon/lepton
number violation [S]. Processes that violate baryon
(B) and lepton (L) number but conserve their dif-
ference (B-L) occur in grand unified theories [109].
Experiments that search for B-violating decays of
the proton have reported lifetime upper limits with
spectacular sensitivities: e.g. T(p — et®) > 1.6 x
10* years [110]. In contrast, limits for B-violating
decays in the heavy quark sector are sparse and
not remotely as sensitive. These include a 90% CL
upper limit B(D® — pe~) < 1.0 x 10™° from
CLEO [111] and BaBar branching fraction limits
for B > AF¢~and B~ — A(A)¢™ (here{ =e¢,
) that range from a few x 107° for the A modes
to afew x 1078 for the A (A) modes [112].

The only result on B-violating quarkonium de-
cays is a BESIII upper limit on J /Yy — Ae™ that
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is based on an analysis of a sample of 1.3B ]/ de-
cays. Quark line diagrams for this process in the
context of the Pati—Salam model [109] are shown
in Fig. S(b), where X and Y are virtual leptoquarks
that mediate the decay. BESIII searched for exclu-
sive ] /Y — A e~ decay events where the A de-
cays to pK~ 7 (B = 6.3%). The pK~ 7" invari-
ant mass distribution for candidate events, shown as
data points in Fig. 5(c), has no events in the mass
interval that is +4 times the resolution and cen-
tered onthe A" mass. The absence of any event can-
didates translates into a 90% CL frequentist upper
limitof B(J /¥ — Afe™) < 6.9 x 107 [102].

SEARCHES FOR NEW, BEYOND THE
STANDARD MODEL PARTICLES

In spite of the success of the SM, particle physics
still faces a number of mysteries and challenges, in-
cluding the origin of elementary particle masses and
the nature of dark matter (DM). The Higgs mech-
anism [113] is a theoretically attractive way to ex-
plain the mass of elementary particles. However, the
SM relation for the Higgs mass is a potentially diver-
gent infinite sum of quadratically increasing terms
that somehow add up to the finite value myige, =
125 GeV, a SM feature that many theoretical physi-
cists consider to be unnatural [ 114]. The existence of
DM is inferred from a number of astrophysical and
cosmological observations [115]. One possibility is
that DM may be comprised of electrically neutral,
weakly interacting, stable particles with a mass at the
electroweak scale. However, none of the SM parti-
cles are good DM candidates and, from the perspec-
tive of theory and phenomenology, this implies that
the SM is deficient and the quest for a more funda-
mental theory beyond the SM is strongly motivated.
In some extensions of the SM, the naturalness and
DM problems can be solved at once.

The naturalness problem can be solved by
supersymmetry (SUSY) [116], where every SM
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particle has an as yet undiscovered partner with
the same quantum numbers and gauge interactions
but differs in spin by % The most economical
and intensively studied version of SUSY is the
minimal supersymmetric model (MSSM) [116],
with superpartners that include

spin zero sfermions: left handed f7, right
handed fR,

spin-% gauginos: abino B, three winos w;,
gluinos g,
spin—% higgsinos: two H;.

The two higgsinos can mix with the bino and the
three winos to produce two chargino le,[ , and four
neutralino x{ 2.3.4 Physical states. A discrete symme-
try called R-parity is introduced to make the lightest
SUSY particle, usually the X?; stable, which makes
it a nearly ideal DM candidate that is often denoted
as simply x. A further extension is the so-called
next-to-minimal MSSM (NMSSM) [117-119], in
which a complex isosinglet field is added. The
NMSSM has a rich Higgs sector containing three
CP-even, two CP-odd, and two charged Higgs
bosons. The mass of the lightest CP-odd scalar Higgs
boson, the A%, may be less than twice the mass of
charm quark, in which case it would be accessible
at BESIIL

Although the lightest neutralino is an attractive
DM candidate, the lack of any experimental evi-
dence for it in either LHC experiments or direct
detection experiments suggests that DM might be
more complex than the neutralino of the SUSY mod-
els. Attempts to devise a unified explanation have
led to a vast and diverse array of dark-sector mod-
els. These models necessarily have several sectors:
a visible sector that includes all of the SM particles,
a dark sector of particles that do not interact with
the known strong, weak or electromagnetic forces
and a portal sector that consists of particles that cou-
ple the visible and dark sectors. The latter may be
vectors, axions, Higgs-like scalars or neutrino-like
fermions [120,121], of which vectors are the most
frequently studied. The simplest scenario for the vec-
tor portal invokes a new force that is mediated by a
U(1) gauge boson [122] that couples very weakly
to charged particles via kinetic mixing with the
SM photon y, with a mixing strength ¢ that is in the
range between 107 and 1072 [123]. This new bo-
son is variously called a dark photon, hidden pho-
ton or U boson, and is denoted as ’. The y’ mass
is expected to be low, of the order of MeV/c? to
GeV/c? [123] and, thus, it could be produced at the
BEPCII collider in a variety of processes, depending
on its mass.
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Search for A, y’ and invisible decays of
light mesons

Both the light CP-odd NMSSM Higgs boson A° and
dark photon y’ have been searched for by BESIIL
Since it is Higgs-like, the A° couples to SM fermions
with a strength proportional to the fermion mass.
For an A with a mass below the t pair production
threshold, the decay A® — u™ 1™ is expected to be
dominant. The A® can also serve as a portal to the
dark sector with the invisible-final-state decay pro-
cess A® — x x. Similarly, as a portal between the
SM and dark sectors, the ¢’ can, in turn, either decay
to x X, or visibly to a pair of light leptons or quarks,
provided it is kinematically allowed.

BESIII results on searches for the A%, 3’ and
invisible decays of light meson states are summa-
rized in Table 5. The A® was searched forin /¢ —
yA* (A° — wt ") and ¥ (28) — ]/ (/¥
— yA®) (A — utp”) decay candidate events
in BESIII’s J/4 [124] and ¥ (2S) [125] data sam-
ples. The sensitivity obtained with the J/v data is
S times better than that with the ¥ (2S) data. The
combination of BaBar [126] and BESIII [ 124 ] mea-
surements constrain the A° to be mostly singlet.
BESIII published three results on dark photon ()
searches in J/¢ and ¥ (3770) decays with result-
ing 90% CL exclusion regions for ¢ as a function
of the dark photon mass that are shown in Fig. 6.
BESII dark photon searches in J/¥ — ny’ (¥’
— ¢Te™) decays [127] and J/Yr — 'y’ (y/ —
eTe™) decays [128] were among the first searches
that were based on these channels [129]. BESIII re-
sults for dark photon searchesinete™ — y1sry/ (¥’
— €747, € =¢, 1) initial state radiation events were
based on 2 years of data taking and are competitive
with BaBar results [ 130] based on 9 years of running.
Invisible decays of light mesons that are produced in
J/ ¥ decays were also searched for at BESIIL These
include the first measurements for the w and ¢ vec-
tor mesons that are copiously produced via J/{ —
wn and ¢n decays [131]. For J/¢ — ¢n (n —
invisible) and J/y — ¢n' (n' — invisible) decays,
the BESIII limits [132] are factors of 6 and 3 im-
provements over previous results from BESII [133].
These results provide complementary information
to studies of the nature of DM and constrain param-
eters of the phenomenological models.

INTERACTIONS WITH OTHER
EXPERIMENTS

The standard model of particle physics is a seam-
less structure in which measurements in one
sector have profound impact on other, seem-
ingly unrelated areas. Thus, for example, BESIII
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Table 5. BESIII results on searches for the light CP-odd Higgs boson A°, the dark photon y’, and invisible decays of quarkonium
and light mesons. The first column lists the decay modes and the third column lists the measured 90% CL branching fractions
upper limits. For the visible dark photon decays, the corresponding  — 3’ mixing strength & limits are shown in the fourth

column.

Mode Data BYL at90% CL s (x1073) Ref.
T/ — yA°(— utp”) 225MJ/ ¥ (2.8 —495.3) x 1078 [124]
¥ = an]/y(— yA°(— utu7)) 106M v/ (2S) (4—210) x 1077 [125]
T/ =y’ (= ete) 1.31BJ/¥ (1.9 —-91.1) x 1078 10—1 [127]
/v =0y (—ete) (1.8—20) x 1078 3.4—26 [128]
eFem — yry (= eTe /utu™) 2.93 b~ ¢(3770) 0.1—1 [129]
J /¥ — no(w — invisible) 1.31BJ/v¥ 7.3 %1073 [131]
J /¥ — ne(¢p — invisible) 1.7 x 107*

J /¥ — ¢n(n — invisible) 22SMJ/Yr 1.0 x 107* [132]
J /¥ — ¢n'(n' — invisible) 5.3 x 107*

Jhy=1n

BESUL o8 2013
KLOE2015 Sl “
2

BESII

KLOE 2016

o
m, [GeV/c]

Figure 6. Exclusion limits at the 90% confidence level for the
mixing strength parameter ¢ as a function of the dark pho-
ton mass m,. Also shown are exclusion limits from other
experiments. The ¢ values that would explain the discrep-
ancy between the measured and SM-calculated value of
the anomalous magnetic moment of the muon [134] are dis-
played as the bold solid red line along with its 2o band. Plot
is from [129], overlaid with the BESIII limits of J/v — ny’

and J/y — 'y’

measurements of strong-interaction phases in
hadronic decays of charmed mesons provide impor-
tant input into determinations of the CP-violating
angle y in B-meson decays by Bellell and LHCb.
Similarly, BESIII measurements of the annihilation
cross section for ete™ — hadrons at energies below
2 GeV provide critical input to the interpretation of
high-energy tests of the SM at the Higgs (126 GeV)
and top-quark (173 GeV) mass scales as well as
the measurements of (g — 2),, the anomalous
magnetic moment of the muon. The relation
between BESIII measurements of strong phases
in the charmed sector to CP-violating measure-
ments in the beauty sector are discussed elsewhere
in this journal volume [S3]. Here we briefly
review the impact of the BESIIII cross-section
results on the interpretation of (g — 2), measure-
ments.

Page 12 of 17

BESIII impact on the determination
of(9—2),

The measured value of (g — 2),, from BNL experi-
ment E821 [135] is ~3.7 standard deviations higher
than the SM prediction [136], a discrepancy that
has inspired elaborate follow-up experiments at Fer-
milab [137] and J-PARC [138]. As illustrated in
Fig. 7(a), the SM predicted value for (g — 2),, is
very sensitive to the effects of hadronic vacuum po-
larization (HVP) of the virtual photon, which are
about 100 times larger than the current experimen-
tal uncertainty. The contributions from higher-order
radiative corrections to the u-y vertex, so-called
hadron light-by-light (HLbL) scattering, is of the
same order as the current experimental error, but it
has a 20% theoretical uncertainty that will be com-
parable to the expected error from the new round of
experiments.

Vacuum polarization also has critical influence
on precision tests of the electroweak theory, which
rely on a precise knowledge of «(s), the running
QED coupling constant. Because of vacuum po-
larization, @~ (m%) = 128.95 + 0.01[139],about
6% below its long distance value of «™!(s = 0) =
137.04. About half of this change is due to HVP.

Precision measurement of vacuum
polarization of virtual photons

Since HVP effects are non-perturbative, they cannot
be directly computed from first-principle QCD. Re-
cent computer-based lattice QCD (LQCD) calcula-
tions have made significant progress but the uncer-
tainties are still large [152,153]. The most reliable
determinations to date of HVP contributions to (g —
2),, and a(m?) use dispersion relations with input
from experimental measurements of cross sections
for e*e™ annihilation into hadrons [136]. The data
used for the most recent determinations are mostly



Natl Sci Rev, 2021, Vol. 8, nwab189

g CMD-2 (06) —a— +&BaBar

1000 gg

SND (04)

| | +AiCLEO
CMD-2 (03) 1 CELLO

Ewm‘i*ﬂ
H

1400 T T T
(b) : | BESIII (15) ——+— () - BESII (preliminary)
1200k KLOE combination —s—— | 0.3} rkiBelle + 1

_ %
.-g Fit of all m'n data g
:\: 800 E%é BaBar (09) b ? 0.2r % b
< o
HLbL 1 e00r A 1 =0 . |
o # ®
= &
S 400 Q&i’ﬁ 1 oot o
e Y* s @:" e Q3
. 200 . - v
y e
0 1 ¢ 1 1 7}' 1 1 0.0 1 : 1 ¢
i u 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 0.1 1 10
Vs (GeV) Q? (GeV?)

Figure 7. (a) Hadron vacuum polarization (HVP) and hadron light-by-light scattering (HLbL) contributions to the SM calculation of (g — 2),,. The red
circles represent hadronic contributions. (b) Measurements of o(ete~ — 77 ~) from SND [140], CMD-2 [141,142], BaBar [143], KLOE [144] and
BESIII [145]. The structure near Foy = 0.78 GeV is caused by interference between p — 777~ and w — 7 "7~ (from [146]). (c) Preliminary BESIII
results for the 7z form factor [147] together with results from CELLO [148], CLEO [149], BaBar [150] and Belle[151] (from [136]).

from the SND [140], BaBar [143], BESIII [145], is non-perturbative and in a more complex envi-
CMD-2 [141,142] and KLOE [144] experiments. ~ ronment than the HVP loop. As a result, its de-
BaBar and KLOE operations have been terminated, ~ termination is not straightforward and has a rather
leaving SND, CMD-3 [154] and BESIII as the only volatile history (see [155]). In this case, the loop
running facilities with the capability to provide the integral is dominated by single mesons (7, 1, 1)
improvements in precision that will be essential for but, since they couple to virtual photons, their time-
the evaluation of (g — 2),, with a precision that will like form factors at low Q? values are involved. Un-
match those of the new experimental measurements. til now, only high Q* measurements of these form
With data taken at Ecy; = 3.773 GeV (primar- factors have been reported and models were used
ily for studies of D-meson decays), BESIII measured ~ t© extrapolate these to the low Q” regions of inter-
the cross sections for e"e™ — 77~ at Ecy be-  est. Recently, however, BESIII reported preliminary
tween 0.6 and 0.9 GeV [145], which coversthe p — 7 ¢ form-factor results for Q* values in the range
77~ peak, the major contributor to the HVP dis- ~ 0-3-1.5 GeV? [147] (see Fig. 7(c)). These are the
persion relation integral. These measurements used first experimental results that include momentum
initial state radiation (ISR) events in which one of transfers below Q* = 0.5 GeV?, the relevant region
the incoming beam particles radiates a y-ray with for HLbL calculations. These, and measurements of
energy Ejsg = xEcy/2 before annihilating at a re- the 1 and 1’ form factors that are currently under-
duced CMenergyof Ecy = 4/T — xEcy. Therela-  Way) will reduce the model dependence and, thus,
tive uncertainty of the BESIII measurements is 0.9%, the theoretical errors of the HLbL contribution to
which is similar to the precisions of the BaBar [ 143] (§—2)u-
and KLOE [144] results. The BESIII measured val-
ues agree well with KLOE results for energies below

0.8 GeV, but are systematically higher at higher en-
e v e 8 Prospects for (g — 2),,-related

ergies; in contrast, BESIII results agree with BaBar
measurements at BESIII

at higher energies, but are lower at lower energies.
Detailed comparisons are shown in Fig. 7(b). Nev-  Currently, the precision of the (g — 2), measure-
ertheless, the contributionsof ete™ — 77~ tothe  ment (54 ppm [135]) is comparable to that of the
(g — 2),. HVP calculation from these experiments ~ SM calculation (37 ppm [136]). However, since a
have overall agreement within 2 standard deviations,  4-fold improvement in the experimental precision
and the observed ~3.7 standard deviation differ-  is imminent, improvements in the theoretical pre-

ence between the calculated muon magnetic mo-  cision are needed. These will require improved ex-
mentvalueand the E821 experimental measurement  perimental input for the data-driven evaluations of
persists. the HVP and HLbL terms and/or improved LQCD

calculations. BESIII is improving the o (ete™ —
Experimental input for data-driven HLbL hadrons) measurements used for the HVP term and
determinations providing light meson form factors for the HLbL de-
The HLbL scattering contribution to the SM (g —  termination. Moreover, precision BESIII measure-

2),, value has a hadron loop (see Fig. 7(a)) that  ments of various decay constants and form factors
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provide calibration points that are used to validate
LQCD techniques.

SUMMARY AND PERSPECTIVES

In the search for new, beyond the standard model
physics, there is no compelling theoretical guidance
for where it might first show up. It may first appear
at the energy frontier that is explored at the LHC,
or at the intensity frontier that is pursued at lower
energies. (Interestingly, the current most prominent
candidate for BSM physics is the ~3.70 discrepancy
in (g — 2),, which is about as far removed from
the energy frontier as one can get.) A key aspect of
any experiment is reach, i.e. the range of unexplored
SM-parameter space that is explored. In this quest,
BESIII is accumulating huge numbers of J/{ and
¥ (2S) events that support high sensitivity searches
for low-mass non-SM particles, SM-forbidden decay
processes and non-SM CP violations in hyperon de-
cays. In addition, high statistics samples of D and
D, mesons produced just above threshold in very
clean experimental environments provide the means
to search for new physics in the (1, d)-(c, s) quark
sector with the world’s best precision. BESIII is con-
tinuing the BES program’s long history of steadily
improving the precision of e e~ — hadrons annihi-
lation cross-section measurements and light meson
form-factor determinations that are used to evaluate
HVP and HLbL corrections that are needed for the
interpretation of SM tests being done by other ex-
periments.

Results highlighted here are primarily based on
data samples that were accumulated at the peaks of
the narrow /v and ¥ (2S) charmonium states and
the 1 (3770) — DD resonance. These data sam-
ples correspond to 1.3B ]/ events, 448M v/ (2S)
events and a 2.93 fb~! integrated luminosity expo-
sure at 1 (3770). Thanks to the excellent operation
of the BEPCII collider, BESIII recently collected a
total of 10B J/r events that are now being analyzed.
And, as this report is being written, a data-taking run
is in progress that has the goal of collecting a total
of 4M ¥ (2S) events. When this run is completed,
the BEPCII energy will be set at the 1/ (3770) peak,
where it will stay until the total exposure at this en-
ergy reaches 20 tb™!. These nearly 10-fold increases
in the amount of available data will extend the BESIII
discovery reach for new, BSM physics by a factor of
3 for most channels, and by almost an order of mag-
nitude for processes with zero backgrounds.
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INTERVIEW

Special Topic: Physics of the BESIII Experiment
The search for charmed states of matter

By Philip Ball

With the discovery of the Higgs boson in 2012, the Standard Model of particle physics was completed. This description encompasses all known
subatomic particles and their interactions. Much of the public interest in high-energy physics now focuses on experimental searches for ‘new
physics’ beyond the Standard Model. Yet it would be a mistake to imagine that the Standard Model is now fully understood. Many questions
remain about the ways in which known fundamental particles interact and unite, especially at the very high energies needed to produce the
most exotic varieties, such as heavy quarks (quarks are the constituents of hadrons, which include the ordinary nuclear particles protons and
neutrons) and heavy leptons (leptons are members of the family that includes electrons).

The Beijing Electron-Positron Collider (BEPC), operated by the Chinese Academy of Sciences’ Institute of High Energy Physics, is one
of the installations that are probing these questions. It has been running since 1988, using a detector called the Beijing Spectrometer (BES).
(Thesite also houses the Beijing Synchrotron Radiation Facility for conducting studies in condensed matter using intense X-rays.) Since 2008,
these two instruments have been operating in upgraded form: the BESIII detector and BEPCII accelerator. The facility is now one of the key
international centers for investigating the properties and behavior of new exotic hadrons, in particular those that include the charm quark.
Italian physicist Luciano Maiani, Director of the European particle physics center CERN in Switzerland from 1999 to 2003, is one of the
world leaders in this area of high-energy physics, and played a central role in the identification of the charm quark itself. NSR spoke to him
about the aims of the latest work at the BEPCIL, and the prospects for new discoveries.

NSR: What are the main improvements that were made for
BESIII and BEPCII, and what new regimes of energy, beam
intensity and/or sensitivity do they access? -

Maiani: BEPCIL is a particle accelerator of a special kind called a
collision ring. The first of these devices was realized by Austrian
physicist Bruno Touschek in Italy in the 1960s. In this machine,
two beams of particles, one with electrons (e™) and the other
with positrons (e, the electron’s antiparticle), are accelerated
and kept in two circular orbits under extreme vacuum. Where
the orbits intersect, electrons and positrons collide head on. Ina
few cases, an electron and a positron interact so closely that they
annihilate one another, giving rise to a wealth of subatomic parti-
cles that can be studied by appropriate particle detectors. BESIII
is one such detector, and measures the energy, direction of flight,
electric charge and other physical properties of the particles cre-
ated in the annihilation event, thus identifying their nature and
the correlations among them. Collision rings are characterized
by the beam energy, which determines the maximum mass of the

particles produced, and the luminosity, related to the density of
particles in the beam and which determines the collision rate.
BEPC can produce particles containing a pair of charm
quarks, such as the J/W meson discovered by Burton Richter
and Samuel Ting (which won them the 1976 Nobel Prize). Par-
ticle detectors are characterized by the precision with which
particle energies can be measured, the energy resolution, and
by their capability for detecting neutral particles such as pho-
tons, which are an important tool for identifying new particles

Italian physicist Luciano Maiani, Director of the European particle physics
center CERN in Switzerland from 1999 to 2003 (courtesy of Luciano
Maiani).

produced in ete™ annihilation. The labels II and III indicate
progressive increases in luminosity (for BEPC) and in energy
resolution and neutral particle detection (for BES), with respect
to the original design.
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Among facilities of this kind, BEPCII currently has the
highest luminosity in the world.
—Luciano Maiani

NSR: How, in short, does BESIII work?

Maiani: The annihilation of an e™e™ pair can produce a single
unstable particle, called a ‘resonance’, which appears as a bump
in the annihilation probability as a function of beam energy (that
is the ‘spectroscopy’), with a width inversely proportional to the
particle’s lifetime. (The amount of this indeterminacy in energy
isinversely related to the lifetime of the particle via Heisenberg’s
Uncertainty Principle.) In this way, we can determine lifetimes
of the order of 1072°~107>* seconds, which is something we
could never assess from direct measurements of this timescale.
That is how the J/W particle and many other charm-anticharm
states were first observed in the 1970s at the SLAC collider in
Stanford, California.

As well as the resonance, the annihilation produces many
other particles. However, particular clusters of the final parti-
cles may themselves arise from the decay of an unstable parti-
cle. To identify the parent particle, one plots the distribution of
the total mass of the cluster. A bump in this distribution, and the
corresponding width, gives the mass and lifetime of the parent
resonance. In this way, BESIIT has discovered the resonances de-
noted Z¢(3900) and Z(4020), where the numbers indicate the
masses in MeV. These resonances are made of a pair of charm
quarks accompanied by a pair of lighter quarks, as indicated
by the fact that they are electrically charged (unlike the J/W).
These Z¢ resonances are among the first examples of subnuclear
particles that require, in their constitution, at least two quark-
antiquark pairs. The Zc ™, for example, is made from a c¢ and a
ud pair [Here ¢, u and d denote the charm, up and down quarks,
and the bars indicate their antiparticles.].

NSR: Are there any other instruments in the world that could
perform experiments like those at BESIII? How do its capabili-
ties compare with those at CERN, for example?

Maiani: The particles studied with BESIII are in the range of
particles made by a c¢ pair (called charmonia) plus, eventually,
other constituents. These particles are called hidden charm par-
ticles, because they have zero net charm quantum number: the
charm and anticharm quarks ‘cancel out’. Hidden charm parti-
cles are produced in high-energy hadron colliders like the Large
Hadron Collider (LHC) at CERN—but there they feature in
events with a large background of other particles, and so it is
hard to see the resonances. Low background is a crucial feature
of eTe™ colliders like BEPCIL

Among facilities of this kind (called charm-tau factories),
BEPCII currently has the highest luminosity in the world. A
lower-luminosity machine, VEPP2000, is working at the Bud-
ker Institute in Novosibirsk, Russia, with plans for a consid-

erable upgrade in the coming years. At higher energy, the bb
factory at KEK in Tsukuba, Japan, with the Belle detector, can
reach the hidden charm range by restricting the observation of
events to those in which one of the initial particles (the electron
or positron) loses energy by radiating a photon so as to bring
the center-of-mass energy of the annihilation into the charm-tau
range.

The Belle and LHCD collaborations have produced valuable
results on exotic hadrons. But as far as resolution and luminosity
are concerned, BEPCII and BESIII are firmly in the forefront of
global research on hidden charm particles.

B TESTING THE THEORY OF QUARK BINDING

NSR: There is a well-established theory—quantum chromody-
namics (QCD)—for describing the properties of light’ hadrons
in terms of the interactions of light quarks and gluons. And yet it
seems that there are still questions to be asked about this sector
of high-energy physics. What are the key issues here?

Maiani: QCD has been tested in phenomena such as high-
energy, large-angle scattering of electrons off protons (called
deep inelastic scattering). In these conditions, the coupling that
regulates the QCD interaction is small—this property is called
asymptotic freedom, the discovery of which won David Gross,
David Politzer and Franck Wilczek the 2004 Nobel Prize. In
these conditions the interaction can be treated in close anal-
ogy to quantum electrodynamics (the quantum description
of matter-light interactions), and the theory satisfactorily de-
scribes the experimental results. But the binding of quarks into
baryons and mesons (hadrons) puts QCD in the very strong in-
teraction regime, and the connection of the fundamental the-
ory to the details of the binding is not (yet) well-established.
This makes hadron spectroscopy of great interest, because those
experiments can give us clues about how to build a theory of
the bound states, in particular to determine the dominant forces
binding multiquark mesons such as the resonance Zc ", in com-
parison to the simplest c¢ states (that is, charmonia). Multi-
quark spectroscopy is thus the new, largely unexplored, frontier
of quantum chromodynamics.

NSR: There seem to be some exotic particles and states predicted
in the low-energy light-hadron regime, such as ‘glueballs’. What
are these, and why are they important?

Maiani: In QCD, the strong interactions are transmitted by glu-
ons: massless particles with spin 1, analogous in many respects
to the photons that transmit the electromagnetic force, except
that they are able to interact strongly with each other. As a con-
sequence, one can conceive of bound states called ‘glueballs’
made of gluons only, which would be neutral under all pos-
sible elementary particle symmetries. Theoretically, it is difhi-
cult to distinguish gluons from quark-antiquark states in which
the quarks are arranged so as to neutralize all possible quan-
tum numbers related to symmetry: these are called ‘singlet’ con-
figurations. At the moment, among the observed resonances,
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there are few cases where more singlet particles have been seen
than are

Multiquark spectroscopy is the new, largely unex-
plored, frontier of quantum chromodynamics.
—Luciano Maiani

predicted by the quark model—and so these can be considered
to be candidates for these elusive glueballs.

NSR: One of the primary goals of BESIII seems to be to probe
the physics of heavy quarks such as the charm quark. You your-
self played a key role in the discovery of this particle. Can you
tell us how that came about?

Maiani: If hadrons are made of three quark types only (up, down
and strange), as originally proposed by Murray Gell-Mann and
George Zweig in 1963, it implies that the weak force would
be mediated by a particular boson that produces the so-called
Cabibbo transition, by which a u quark and the weak-force par-
ticle W™ interconvert with a particular combination of d and s
quarks introduced by Nicola Cabibbo. Attention was focused
in 1968 on the so-called ‘neutral current processes’, which are
forbidden in the first approximation but can be generated by in-
cluding ‘corrections’ with amplitudes that can in principle grow
without limit. In 1970, Sheldon Glashow, John Iliopoulos and I
(collectively, GIM) proposed that these processes might involve
afourth quark, designated ‘charm’ (¢). (Such a quark had already
been suggested by others for completely different reasons.) This
idea turned a puzzle in the three-quark theory into a way of esti-
mating the mass of this putative fourth quark.

The predicted ¢ quark mass was sufficiently large to explain
the unsuccessful searches for mesons containing it that had been
conducted in the 1960s. The GIM mechanism has been an im-
portant step towards a unified theory of the electromagnetic and
weak interactions, allowing hadrons (governed by strong inter-
actions) to be included in the picture. The existence of the charm
quark was confirmed by the discovery of the J/W particle in
1974.

B THE WORLD OF CHARMONIA

NSR: In charm physics, the notion of ‘charmonium’ states seems
to play a central role. What is this?

Maiani: Calculations of the neutral-current processes that mo-
tivated the GIM mechanism have been carried out in the elec-
troweak theory and have confirmed the large mass of the charm
quark: Mc ~ 1.8 GeV. With the advent of QCD, the large value
of charm mass appeared in a different light. It is known that
electron—positron pairs form bound states known as ‘positron-
ium’. In 1974, Thomas Appelquist and David Politzer consid-
ered the analogous state formed by a c¢ pair bound by QCD
forces, which they called ‘charmonium’. The idea was taken up

by Sheldon Glashow, Alvaro de Rujula and Howard Georgi,
to explain the surprisingly narrow width of the just-discovered
J/¥, which implied that that particle might be the first man-
ifestation of the charm quark (in hidden-charm disguise). In
the following years, many authors presented accurate quantita-
tive calculations of the numerous charmonia states discovered in
electron—positron colliders after the J/W . That success was re-
peated at higher mass, after the discovery of similar resonances
of bb quark pairs.

NSR: There seems to be a dizzying array of possible particles, res-
onances and transitions involving charm quarks. Can you help
us navigate this ‘zoo’ by explaining what some of the key issues
are?

Maiani: Heavy quark pairs are difficult both to create and to de-
stroy by QCD forces. The first examples of such exotic hadrons
were resonances whose decay products contain a charmonium
(and therefore a c¢ pair) but do not fit the spectrum of char-
monia accurately computed by QCD. Such resonances have
been dubbed ‘unanticipated charmonia’ and classified, provi-
sionally, as X, Y and Z states. The first unanticipated charmo-
nium, X(3872), was found by the Belle collaboration in Japan in
2003; this state decayed into J/W and pion particles. X(3872)
cannot be a charmonium state, however, because its mass does
not fit with predictions and because its pion decays do not fol-
low the rules obeyed by pure charmonia. A second unantici-
pated resonance, Y(4260), was found by the Babar experiment
at SLAC, with a mass that also does not fit the charmonium
spectrum. The first example of electrically charged unanticipated
charmonium, Z(4430), was found by Belle in 2007, but its exis-
tence as a genuine resonance was put in doubt by Babar. How-
ever, in 2014 the LHCD instrument at CERN, with improved
statistics, confirmed Z(4430) as a genuine resonance.

In 2013, as indicated earlier, BESIII discovered two other
charged resonances with charmonium decay: Z(3900) (which
decays into J/W and a pion) and Z¢(4020) (which decays into
a pion and a charmonium state with the same spin as J/W¥ but
opposite parity, denoted k). Over the past 10 years, BESIII has
produced a wealth of results on the Y states, including analogies
among the X(3872), Y(4260) and Z¢(3900) states.

Even so, no consensus has been reached yet about how
quarks are organized inside X, Y and Z resonances. One possi-
bility is the ‘compact tetraquark’, where a diquark (cq) is bound
to an anti-diquark (¢4’) by QCD forces, similar to those that
bind c¢ into a meson. With improved statistics and resolution,
BESIII might be able to help distinguish among this and other
models.

B THE SEARCH FOR NEW PHYSICS

NSR: What are the prospects for discovering new physics (that
is, physics beyond the Standard Model) at BESIII? Can you
speculate on what this might be? Is there any prospect, for ex-
ample, of shedding new light on dark matter, or on the origin of
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the asymmetry in the amounts of matter and antimatter in the
universe?

Maiani: One fascinating proposal is that dark matter consists of
new particles not coupled to the forces of the Standard Model.

BESIII could perhaps even discover a signature of dark
photons.
—Luciano Maiani

There could be a new photon, called a ‘dark photon’, for which
all known particles have zero charge (meaning that they do not
interact with it). But by a quantum-mechanical effect, this dark
photon could spend a small fraction of its time as a normal
photon, thus acquiring a small coupling to, for example, elec-
trons and muons. That would mean a small fraction of the par-
ticles produced by an e*e™ collider could be dark photons that
would produce anomalous signals, for example in the spectrum
of ete™ pairs in the final state. Previous low-energy colliders
have set limits on the coupling and mass of dark photons. BESIII
could extend considerably the regime that could be explored for
such coupling, and perhaps even discover a signature of dark
photons.

Matter/antimatter symmetry is violated both in fundamen-
tal interactions and in the universe at large scales—the Sun, for
example, is made of matter, and there is no evidence of anti-stars
or anti-galaxies made of antimatter. We do not know if these
two asymmetries are related, or whether one can explain the
latter by the former. BESIII may shed light on this fundamen-
tal question by measuring the matter/antimatter asymmetries in
the weak decays of charmed mesons, by comparing the asymme-
try in charm decays to the known asymmetries in strange and
beauty mesons. This is largely unexplored at the moment.

B COLLABORATIONS IN CHALLENGING TIMES

NSR: This is evidently a highly international collaboration, albeit
with a strong Chinese representation. As a previous Director
General of CERN, you will doubtless know very well the chal-
lenges of maintaining such a vast project. What are these? And
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have they become more complicated in the age of Covid-19 and
uncertainties about travel?

Maiani: The IHEP has a very good record in assembling and
running complex experiments carried out by international col-
laborations. Experiments like BESIII work with the same kind
of rules as CERN experiments, albeit on a smaller scale. Just as
at CERN, Covid-19 is creating difficulties for on-site collabora-
tions. But external groups currently confined to their own coun-
tries can still contribute to some degree, for example with data
analysis, conducting simulations of device performance, and so
on. Even a partial resumption of international travel, as is now
happening at CERN, would be of great help.

NSR: How, ifat all, does research in this field differ in China com-
pared to, say, the US, Europe and Japan? Does each region have
its own unique ‘flavor’?

Maiani: Over the last four years, I spent a good part of my time
working in Beijing (Institute of High Energy Physics—IHEP)
and Shanghai (Shanghai Jiao Tong University). Except for ob-
vious (and sometimes exciting) differences in lifestyle, food and
so on, I can see that science is really universal in scope, method
and sources of inspiration.

NSR: How can researchers, especially young researchers, hope
to make their mark in projects that require such huge teams? Is
a different ethos required, in which scientific understanding is
seen to be the product of selfless teamwork as opposed to the
individualistic approach often seen in other fields?

Maiani: One has to see a large collaboration such as BESIII as
a ‘laboratory’ of its own, which offers to small teams different
fields of research (instrumentation, precision measurements,
data analysis, phenomenology and so on). Inside each team, in-
dividual talent, skill and ingenuity can shine and be appreciated.
A young post-doc can show to senior old hands the way to solve
their current problem. In this way, like in the old times, a young
person may acquire a reputation that will bring her or him to
larger responsibilities inside the laboratory” and beyond. This
is the path by which Fabiola Gianotti and Yifang Wang have
become the directors of CERN and IHEP.

Philip Ball writes for NSR from London.
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