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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.
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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, # m,. Therefore, the decay of
n — 37 offers a unique way to determine the quark
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Figure 1. Dalitz plot of M(m* ) versus M (s ~70) for the
7' — mtw 7" decay, where the two clear clusters corre-
spond to the ’ — p¥7* decay [17].

mass ratio Q* = (m? — m?)/(m% —m?) (where
= 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°—n 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’ — 7°7 %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’ — 37
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 " — 7y 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 ' — w7~ n, 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 ’ — ymtn~
comes from ' — 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 7~ [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 /5’ 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’ — Y7 ¥~ 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’ — yIT17(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 eTe™ 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' — ITI711~ 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 [ S0] 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 g« -+« [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 [$7-60].

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
£5(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%t~ 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 ¥t~ 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,x+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 fo(500) contribution in ’ — 37
decays [17], and the evident effects of a¢(980) —
f0(980) mixing in an amplitude analysis of D" —
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 107° 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 — 7t 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 " —
wtw~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 107'° 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 pK 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],
e"e” — 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/¢ —
@771 [82], as summarized in Table. 1. Of inter-
est is the process of ete™ — KTK K"K~ [83],and
its dominant submode e"e” — ¢K'TK™. 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/ — ¢t n[82]

2239.2+71+£11.3

21265+ 168+ 124

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

D
(=)
N> PP IITITI T T T e e

80 -
é‘]ﬁ] # .
40
20 PR I SR SR NN SR SN SR NS NS S ST
22 24 26 28 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” > ¢pntaT,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/, 4¢(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 BESIII, 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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