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In this talk, recent measurements of charmonium decays of BESIII are presented. Using 448
million ¥ (3686) events collected with the BESIII detector, the branching fractions of the decays
Xcg — ¢¢(J = 0,1,2) have been measured most precisely, and the polarization parameters of
XcJ — ¢¢ have been determined for the first time via a helicity amplitude analysis. Using the
same data sample as in the previous study, first evidence of 7.(2S) — n*n~n has been found
in the decay sequence i (3686) — yn.(2S)(— n*tx~n). The product of the branching fractions
of 1 (3686) — yn.(2S) and n.(2S) — n*n~n is reported as well as the individual branching
fraction of 1.(2S8) — n*n~n. The process ete™ — nJ /i at a center-of-mass energy 3.773 GeV
is observed for the first time. Its Born cross-section is measured, and the branching fraction of
¥ (3770) — nJ /i is determined by a combined fit with the cross sections at other energy points,
after considering the interference effect for the first time. Utilizing 2708 million i (3686) events
collected by the BESIII detector, the decays y.; — Q Q*(J = 0,1,2) have been observed for
the first time with high significance, via the radiative decays of (3686) — yx.s. The relevant
branching fractions have been provided.
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Measurements of charmonia decays from BESIII Han Miao

1. Introduction

Since the discovery of J/iy in the winter of 1974, heavy quarkonia have always been an
ideal field for physicists to study the main properties of quantum chromo-dynamics (QCD) [1-
5], among which charmonia, especially, play an important role for understanding the physics in
the energy region between perturbative and non-perturbative QCD. Clear spectrum of low-lying
charmonium states below the open-charm DD threshold has been observed experimentally and
predicted theoretically within the potential models, which incorporate a color Coulomb term at
short distances and a linear scalar confining term at large distances. Therefore, for a long time,
the charmonium system has become the prototypical “hydrogen atom” of meson spectroscopy,
while the study of charmonium decays to light hadrons has always sufferred from the difficulties of
non-perturbative calculation. In history, multiple models or techniques are raised for this issue, of
which none describes all the experimental measurements perfectly. The case will be much more
complex if considering the decays to light hadrons, thus the experimental results are really essential
for the research on charmonium decays.

In the experimental aspect, charmonium states have been studied thoroughly by CLEO-c, BES
and other charm or bottom factories in history, and are still charming after nearly 50 years with the
new decay channels and new states continuously discovered. As the only facility running in the
tau-charm energy region around world now, BEPCII and BESIII dedicate massive investigation,
arousing widespread interest for theoretical studies. The following part will be a brief introduction
and summary of the recent results on the measurement of charmonium decays at BESIII.

2. BEPCII and BESIII

The BESIII detector [6], as shown in Figure 1, records symmetric e*e™ collisions provided
by the BEPCII storage ring [7] in the center-of-mass energy range from 2.0 to 4.95 GeV, with a
peak luminosity of 1.1 x 10°} cm™2s~! achieved at v/s = 3.77 GeV. BESIII has collected large
data samples in this energy region [8—10]. The cylindrical core of the BESIII detector covers
93% of the full solid angle and consists of a helium-based multilayer drift chamber (MDC), a
plastic scintillator time-of-flight system (TOF), and a CsI(T1) electromagnetic calorimeter (EMC),
which are all enclosed in a superconducting solenoidal magnet providing a 1.0 T magnetic field.
The magnetic field was 0.9 T in 2012, which affects 10.8% of the total J/y data. The solenoid is
supported by an octagonal flux-return yoke with resistive plate counter muon identification modules
interleaved with steel. The acceptance of charged particles and photons is 93% over 4 solid angle.
The charged-particle momentum resolution at 1 GeV/c is 0.5%, and the dE /dx resolution is 6% for
electrons from Bhabha scattering. The EMC measures photon energies with a resolution of 2.5%
(5%) at 1 GeV in the barrel (end cap) region. The time resolution in the TOF barrel region is 68 ps,
while that in the end cap region is 110 ps. The end cap TOF system was upgraded in 2015 using
multigap resistive plate chamber technology, providing a time resolution of 60 ps [11-13].
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Figure 1: The BESIII detector.

3. Results from BESIII

3.1 Helicity amplitude analysis of y.; — ¢¢ [14]

In the quark model, the y.; states are identified as P-wave triple charmonium states with
spin, parity and charge conjugation J** (J = 0,1,2). At leading order, the hadronic decays of
XcJ are described by annihilations of charm and anti-charm quarks into two gluons and subsequent
production of light and/or strange quarks. Early theoretical calculations for exclusive decays of y.
into light hadrons have yielded smaller branching fractions than experimental measurements [ 15—
17].

Following perturbative QCD calculations [ 18], the y.; decay rate should be strongly suppressed
compared to y.o and y.2, due to the helicity selection rule [19] and the requirement of identical
particle symmetry [20]. However, the previous BESIII measurement reported similar branching
fractions of y.; — ¢¢ decays for y.0, xc1 and y¢2 [21], namely B(y.0 — ¢¢) = (7.8+£0.4+0.8) X
1074, B(xe1 — ¢p) = (4.1 £0.3+£0.4) x 107 and B(yer — ¢¢) = (10.7 0.4 + 1.1) x 1074,
Meanwhile, the analysis of ¢ polarization will also be a key measurement to probe hadronic-loop
effects in the y.; — ¢¢ decays [22]. Moreover, the ratios of the helicity amplitudes are found to
be effective in the discrimination between the proposed models as these ratios are less sensitive to
the parameters used in the evaluation of the model prediction [18, 22, 23]. Table 1 summarizes the
helicity-amplitude ratios predicted by the considered theoretical models, where the uncertainties are
due to the uncertainties on parameters involved in the calculation. The variable x is defined as the
ratio of transverse over the longitudinal polarized helicity amplitudes of the ¢ meson in y.o — ¢¢:
X = ’F R )/ F(()),o’ and the variables w; (i = 1,2,4) indicate the ratios of transverse over longitudinal

polarized helicity amplitudes of the ¢ meson in y.» — ¢¢: w| = ‘Fg . /Fgo), wy = ‘F%_I/Fg ol

4 = ‘F12,1 / Fg,o , where A; and A, are the helicities of the two ¢, and F/{:g’zz are the helicity
amplitudes. The y.; — ¢¢ helicity amplitudes allow to test the validity of the identical particle
symmetry: in this context the helicity-amplitude ratios u; = |F 11’0 / F(},1| and u, = |F11’ \/ F11,0| are
expected to be 1 and 0, respectively [23].

The amplitude analysis of y.; — ¢¢ is performed based on 448.1 x 10° y(3686) events. The
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Table 1: Numerical predictions of the helicity-amplitude ratios from pQCD [18], 3Py [23] and DD loop
models [22].

Decay channel Xco — ¢ X2 — ¢

Parameter X wq wy w4
pQCD 0.293 +£0.030 | 0.812+£0.018 1.647 £0.067 0.344 +0.020
3P 0.515+0.029 | 1.399 +£0.580 0.971 £0.275 0.406 +£0.017
DD loop 0.359+£0.019 | 1.285+0.017 5.110+0.057 0.465 +0.002

joint distribution for the sequential decays e*e™ — ¥(3686) — Yxcs, Xes — ¢pand ¢ — KK~
is constructed in the helicity system as shown in Figure 2. The joint amplitude for the sequential
process is described as Eq. (1) and (2).

1

M(R) = 5 Z A, Dii -, (0,00,00Ff  D7* 1 (61,600,0)
M,AR, 41,2
X By oDY 1(#2,02.0)By (DY ((43,603,0)BW (myg, m;, T7), (1)
with
1
BW(mge,m;, I';) = . 2
( oo T 2 m§b¢—mlg+imi1“,- @
The partial decay rate of 1 (3686) is given by
| 2
do o EZM,M ;M(Ri) do, 3)

where d® is the standard phase space for the decay v (3686) — y¢¢ with ¢ — K*K~. The detailed
definitions of the symbols in the above equations can be found in the published paper [14].

The potential interference between the y .o and non-resonant contributions is considered while
the interference of y.; and y., with the non-resonant constribution is neglected due to the quite
narrow width.

The fit result is shown in Figure 3.

The branching fractions for y.; — ¢¢ are measured to be

Bxeco — ¢¢) = (8.48+0.26+0.27) x 1074,
B(xel = ¢¢) = (436+0.13+0.18) x 1074, “)
Bxer = ¢p) = (13.36+0.29 +0.49) x 1074,
where the first uncertainties are statistical and the second systematic. Comparing these results with
BESIII previous measurement [21] and PDG values [24], as reflected in the Table 2, the precision

is improved by a factor of about 2, but the values are greater.
The ratios of the amplitude moduli are measured to be

|70,| /|8 = 0299 +0.003 0019, 5)
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Figure 2: Definitions of helicity angles.
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Figure 3: Fit results of invariant mass distributions, m g4 in the log version (left) and m, 4 (right). The
points with error bars represent data events. The black solid curve denotes the total fit result. The m,4
distribution has two entries per event. Distributions of non-resonant events are almost invisible owing to the
small contribution of this component.

Table 2: Comparsion of measured branching fractions (BF).

Decay Mode BF(2011 BESIII) [21] BF(this work) BF(PDG value) [24]
Brlxco — ¢¢l(x10™%) 7.8+0.4+0.8 8.48 £0.26 + 0.27 7.7+£0.7
Brxe1 — ¢pl(x10™%) 4.1+0.3+£0.5 436 £0.13+0.18 4.2+0.5
Brlxe1 — ¢pl(x10™%) 10.7£0.4+1.2 13.36 + 0.29 + 0.49 11.2+1.0
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for y.0 — ¢¢, and

|72, /|Fo| = 1.265+0.054 %0079, ©)
|72 | /|F3o| = 14500007 x0.104, 7
|72, /|F2o| = 0.808+0.051+0.009, @)

for y.o — ¢¢, where the first and second uncertainties are statistical and systematic, respectively.
Additionally, there is no evidence of identical particle symmetry breaking from the study of y.; —
¢9.

Figure 4 shows a comparison of the measured amplitude ratios to the corresponding theoretical
predictions. The measured ratio of amplitude moduli for the y.g is consistent with the pQCD
prediction of Ref. [18], since two independent helicity amplitudes of the y.o — ¢¢ decay, F ?’1 and
Fg,o’ follow the helicity selection rule. For the y., decay, the measured ratios of amplitude moduli
deviate from the pQCD [18], 3Py [23] and DD loop [22] predictions with )(2 /ndf = 23.2, 23.8,
and 155.2, respectively. The DD loop model can be ruled out due to the large deviation. However,
the predictions of other models also differ from the experimental results. In short, all of the above
theories use some of the input from the experimental results, thus this measurement can provide
more constraints for further developing the models. It could also be a basis for the measurement in
the future, as 2.7 billion ¢ (3686) events have been accumulated in BESIII [25].
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Figure 4: Comparison of the measured amplitude ratios with the predicted ones from pQCD, the * Py model
and the DD loop model.
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3.2 Evidence for the 1.(2S) — n*n~n decay [26]

Until now, the knowledge about 7. (2S) is still limited [4], suffering from the very soft photon
from ¥ (3686) — yn.(2S). The total measured branching fraction of 7.(2S) decays is small (less
than 5%) according to PDG [24].

The decay of charmonium states into light hadrons is believed to be dominated by the annihi-
lation of the ¢¢ pair into two or three gluons. The so-called “12% rule” states that the ratio of the
inclusive branching fractions of light hadron states between ¢ (3686) and J/y is about 12% [27].
Similarly, one would expect a similar ratio of the hadronic branching fractions between 7. (2S) and
1 due to their analogous decaying dynamics in comparison to ¥ (3686) and J/y. According to
Ref. [28], for many normal light hadronic channel 4,

B(n:(2S) — h) ~ By (3686) — h)
B —>h) ~ BUY > h)

=0.128, 9

while there are also theoretical works resulting in a ratio close to one [29]. The measured ratios
are mostly greater than 12% and less than one, except the ones with pp final states, so the further
measurements of the decays of .(2S) and 7. are of great significance.

Based on 448.1 x 10° (3686) events collected at BESIII, the decay 7.(25) — a*tn~n is
searched for. The final fit result is shown in Figure 5.
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Figure 5: The result of a fit to the invariant mass distribution of 7777 75. The black dots with error bars are
BESIII data, the red and black solid curves denote the total fit curve and the shape of the smooth background
contributions, respectively. The green dash-dot-dotted curve, the blue dotted, and the cyan dash-dotted
denote the decay modes of y.1, .2 and n.(2S), while the pink dashed curve denotes the contributions of
the FSR process 4 (3686) — (ygpsr)7 77 1.

Evidence for the decay 1. (2S) — n* 7~ n is found for the first time, with a statistical significance
of 3.50~. The product of the branching fractions is measured to be Br(y(3686) — yn.(2S)) X
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Br(n.(28) — n*tn™n) = (2.97+0.81+0.26)x107°, where the first uncertainty is statistical and
the second systematic. The branching fraction of 1.(2S) decaying into 7*7~n is measured to be
Br(n.(2S) — ntn ) = (42.4 + 11.6 + 3.8 + 30.3) x 107, with the first uncertainty being the
statistical, the second the systematic uncertainty without taking into account the uncertainty of the
branching fraction of (3686) — yn.(2S). The third one is the systematic uncertainty arising
from this branching fraction.

With the branching fraction Br(n. — n*n~n) =(1.7+0.5)% [24], the ratio of the branching
fractions of 17 and . (2S) decaying into 7% 7~ 1 is calculated to be Brgf E’,(Iis_z;;tﬂn_)") =0.25+0.20.
Combining the ratios of other hadronic decay modes of r.(2S) to n. [24, 30], the averaged value
of all these ratios including this measurement is determined to be 0.30+0.10 (see Figure 6). This
ratio agrees neither with the prediction in Ref. [28] nor in Ref. [29]. With about 2.7 billion v (3686)

events to be accumulated, BESIII will make a further substantial contribution to this field [25].
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Figure 6: Estimation of the averaged value of the ratio of Br(.(2S) — h) to Br(n. — h). Here, h means
various hadronic final states, as shown on this figure. Except the branching fraction of 1.(2S) — n*n™n
of this work, the other results are quoted from Refs. [24, 30]. The shade is the averaged value of these five
decay modes with one standard deviation. Both statistical and systematic uncertainties have been included.

3.3 Observation of y(3770) — nJ/y [31]

Conventionally, the ¢ (3770) has been regarded as the lowest-mass D-wave charmonium state
above the DD threshold, i.e. a pure c¢¢ meson in the quark model [32], while this model cannot
explain the measured large non-DD decay width of the state [24, 33]. To solve this puzzle,
various theoretical models are developed, either by introducing tetra-quark component into the
wave function [34], or more complicated dynamics such as 25 — 1D mixing between i (3686)
and y(3770) [35-38], and re-scattering mechanism with D mesons [39-42]. Until now, the only
well-established non-DD channel is (3770) — n*n~J/y [3, 24] so that the further sutdy of
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other non-D D channels is necessary and essential in both experimental and theoretical aspects.
In 2005, CLEO studied the decay y(3770) — nJ/y and reported the branching fraction to be
(8.7+3.3+2.2) x 10~ at a statistical significance of 3.5¢0- without considering the interference [43].
The branching fraction of  (3770) — nJ /i is utilized as an input in theoretical calculations of decay
properties not only for conventional charmonium states [44, 45] but also for exotic charmonium-like
(also called XY Z) states [46] observed in this energy region.

The signal yield Nps is obtained by fitting to the M’ (yy) (M’ (yy) = M (yy)+M (up) —my,y)
distribution as shown in Figure 7. Then the Born cross section is calculated by

Nobs
L-(1+68R).(1+6VP).-¢-8r’

al(ete” > nJfy) = (10)
where £ is the integrated luminosity, (1 + 6™R) is the ISR correction factor [47], (1 + §VP) is the
vacuum polarization factor taken from QED calculation [48], Br is the product of the branching
fractions of the subsequent decays of intermediate states as given by the PDG [24], and ¢ is the
detection efficiency. The ISR correction factor is obtained by an iterative method [49], in which the
dressed cross section measured in this study and previously with c.m. energies from /s = 3.81 to
4.60 GeV [50] are used as input. Table 3 shows the measured Born cross section at y/s = 3.773 GeV
and the values of the other parameters in Eq. 10. Finally the Born cross section is calculated to be
aB(ete™ - nJ/y) = (8.88 £ 0.87gar. + 0.424y5.) pb at 3.773 GeV.
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Figure 7: Distribution of M (uu) from data (a). The signal region is indicated by the two solid red arrows,
while the sideband regions by the two dashed blue arrows. Distributions of M’ (yy) in the J /¢ signal region
(b) and sideband regions (c). The points with error bars are data, the blue solid curves represent the fit results,
the red dashed curves represent signal components, and the green dot-dashed curves represent background
components.

Table 3: The values of the integrated luminosity £, the signal yield N, the detection efficiency &, the
product of radiative correction factor and vacuum polarization factor R = (1 + 6'R) . (1 +6V?), and the
obtained Born cross section of ete™ — nJ /i at v/s = 3.773 GeV. The uncertainties on the efficiency and
cross section are statistical only.

L (b~ &(%) R BUW -t ) (%) B —yy)(%) N aB(pb)
2931 +15 454+0.1 0.80 5.96 + 0.03 39.4+0.2 222 +22  8.89 +0.88

The branching fraction of y(3770) — nJ /i is obtained by fitting to the dressed cross section
of ete™ — nJ [y from /s = 3.773 GeV to 4.60 GeV, combining the cross section in this work and
the previous BESIII analysis [50] with c.m. energies from /s = 3.81 to 4.60 GeV. Two treatments



Measurements of charmonia decays from BESIII Han Miao

A —— e e e — T ]
[ -4 XYZ data b [ 4 XYZ data ]
150 - 150 -
r -4 Scan data ] r —§ Scan data 7
— . — Coherent fit 4 = L — Incoherent fit 4
=) L 4 g L 4
£ 100l - W(3770) _ = 100F """ W(3770) ]
L i Sk i
i T3 .
= L ] = L i
1 50? - 1 50j ]
K L ] o L B
L - B v - B
a |- . =~ | ,
° of - % o -
-501 - P T (S S S SO SRR R R R | ‘; -50; P S (S SO SO SR N N RS | -

38 4 4.2 4.4 4.6 38 4 4.2 4.4 4.6

Is (GeV) Vs(GeV)

Figure 8: (Left) Coherent and (right) incoherent fits to the dressed cross section line-shape of ete™ — nJ /i
The points with error bars are data and the solid curves are the best fit results. The insert is the zoomed
distribution in the (3770) mass region.

of the ¥ (3770) resonant decay amplitude are considered. Assuming yr(3770) is coherent with the
other amplitudes, we get

Oco. = |C - D(s) + "Y' BW,, (3770) + €' P?BW y,(4040)
+e' %3 BWy (4230) + €' % BWy (4300) |*. (11)

If 4/ (3770) is incoherent with the other amplitudes, we will have

Tinco. = IBWy3770) 1> + |C - @ (5) + €/ ?2BW (4040
+e! %3 BWy (4230) + €' *BWy (4300) |* » (12)

where ®(s) = ¢°/s is the P-wave phase space factor used to parameterize the continuum term, with
g being the n momentum in the e*e™ c.m. frame, BW is the Breit-Wigner function, ¢ is the relative
phase between the resonant decay and the phase space term, and C is a real parameter.

Using the above two formulae, the dressed cross sections are fitted as shown in Figure 8. In
the incoherent case, the branching fraction is determined to be (8.7 £ 1.0, * 0.8y ) X 1074,
close to the CLEO result [43]. In the coherent case, four solutions are obtained with branching
fractions varying between (11.6 £ 6.1y + 1.05y5.) X 107% and (12.0 + 6.14y + L 1gye) X 1074,
We suppose that there exists substantial interference effect, especially between ¢ (3770) and highly
excited vector charmonium(-like) states.

3.4 Observation of the decay y.; — Q- Q" [51]

The study of charmonium decays into baryon antibaryon (BB) pairs provides a powerful
tool for investigating many topics in quantum chromodynamics. In contrast to J/iy decays, the
decays of the P-wave charmonium states, y.; (J = 0,1,2), to BB have a non-trivial color-octet
contribution [52, 53]. Multiple models have been raised to describe y.; to BB decays, including
pp, AA, 227, 2950, while none of them can describe all the final states [54, 55]. Except the
ground-state octet baryons above, it is desirable to extend these studies to decays of y.; into pairs
of decuplet ground-state baryons with spin 3/2. So far only y.o — X(1385)*%(1385)F decays [56]

10
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have been studied by the BESIII Collaboration. The decay y.; — Q~Q* is unique due to the
presence of three pairs of strange quarks in the final state. This may give a distinct way for
understanding quantum chromodynamics.

Based on 2.708 x 10° ¢(3686) events, the decay y.; — Q™ Q" is studied using the radiation
decay /(3686) — yy.s. Signal yield is obtained by fitting to the recoil mass spectrum of the
radiative photon (RM,) after partially reconstructing €2~ (Q*). The fit result is shown in Figure 9.
Then the branching fraction is calculate by

obs

B(xes —» Q QY = N et , (13)
v (3686) * By (3686)>yxes " Exes

where N9 is the signal yield, Ny (36g6) is the total number of ¢ (3686) events, €, is the detection
efficiency including the subsequent £ and A decays, and By, (3686)—y y..; 15 the BF of the ¢ (3686) —
v xcs decay [24]. The measured branching fractions for the three signal modes are listed in Table 4.

This is the first observation of y.; decays into a pair of decuplet ground-state baryons with
spin 3/2. The y.; — Q~Q* decays can also be used to probe the spin polarization of Q~ baryon
in the charmonium production at the future tau-charm factories [57].
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Figure 9: Fit to the RM,, distribution in data. The dots with error bars are data, the blue solid line is
the total fit, the green short dashed line represents the fitted combinatorial background shape, and the red
long dashed, dark brown short dot-dashed and magenta long dot-dashed lines indicate the y.o, xc1 and yc2
signals, respectively.

4. Summary

In this talk, recently published analyses of BESIII are introduced briefly. BESIII has collected
the largest data sample of about 10 billion J/y and 2.7 billion ¢ (3686) in 2009, 2012 and 2021,
which will definitely benefit not only the studies of charmonium decays but multiple fields including
the transition between low-lying charmonium states (¥ (3686) — n./n.(2S), ¥ (3686) — xcj...),

11
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Table 4: The y.; signal yields (N;Ei), detection efficiencies (e, ,), BFs of y.; — Q- Q* (8) and the signal
significances (Sig.). Here the uncertainties are statistical only.

Mode N;Ei €y, (%)  Sig.(o) B(x1073)

Xc0 284 + 44 3.05 5.6 3.51+£0.54+0.29
Xel 277 +42 7.02 6.4 1.49£0.23 £0.10
Xc2 1038 + 56 8.91 18 4.52+0.24+£0.18

the precise validation of the non-perturbative QCD calculation, the study of the light hadron
spectroscopy, the search for the rare decays of charmonia (leptonic, semi-leptonic, invisible...) and
the search for the new physics beyond standard model related with axion, dark matter etc.
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