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2004: started Beijing Electron Positron 
Collider II/BESIII construction
ü Double rings
ü Beam energy: 1 - 2.45 GeV 
ü Peak luminosity:                  

1.05×1033 cm-2s-1 @ !(3770) 
(January 7th, 2023)

2009 – today: BESIII physics runs

Isabe!a Garzia – HADRON 2023 Genova - 6 June, 2023 

The BESIII experiment @ BEPCII
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World’s largest τ − charm data sets in e+e− annihilation

3

Rich physics programs: 
light hadron spectroscopy & decays，
charmonium spectroscpy,
charm physics,
precision measurements (R-value, TFF, ……)

World Largest t – charm Datasets in e+ e- Annihilation

Unique dataset: high statistics 
and clean environment

17 fb-1

Beijing Electron Positron Collider II
• Double rings 
• Beam energy: 1 - 2.45 GeV 
• Peak luminosity: 1.1×1033 cm-2s-1 

From 2009: BESIII physics runs

BESIII 
detector
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e-
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Rich BESIII Physics Program

• Light hadron and charmonium 
spectroscopy

• Production of charmed mesons 
and baryons at threshold
• Taking advantage of recoil 

tecniques it is possible to study 
leptonic and semileptonic decay

• CKM matrix elements and form 
factor measurement

• Copious production of hyperons
• Study of interactions between X0 

and beam pipe using X0 produced 
in J/Y → X0X0

• Observation of X0n→X-p

• Precision QED measurement: R 
values and nucleon form factor 
• Neutron timelike form factors

• t physics

• New physics (dark sector, 
LFV,…)
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and reconstruction of the positron follow the procedures in
Ref. [6]. As the neutrino is not detected, we employ the
kinematic variable Umiss ¼ Emiss − cjp⃗missj to obtain infor-
mation on the neutrino, where Emiss and p⃗miss are the
missing energy and momentum carried by the neutrino,
respectively, and are defined in the same way as in Ref. [6].
The left panel of Fig. 1 shows the distribution of Mpπ−

versus Umiss for the Λþ
c → Λeþνe candidates in data. A

cluster of the events is located around the intersection of the
Λ mass and Λeþνe signal region near Umiss ≃ 0. Requiring
Mpπ− to be within the Λ signal region, we project the
distribution onto the Umiss axis, as shown in the right panel
of Fig. 1. To obtain the number of signal events, the Umiss
distribution is fitted with a signal function f which consists
of a Gaussian to describe the core of the Umiss distribution
and two power-law tails to account for initial- and final-
state radiations [6,38]. Two MC-simulated background
shapes are used to describe the peaking backgrounds from
Λþ
c → Λπþπ0 and Λþ

c → Λμþνμ, and a MC-simulated
nonresonant background shape is used to describe the
continuous background. From the fit, we obtain the yield of
Λþ
c → Λeþνe decay NDT ¼ 1253# 39, where the uncer-

tainty is statistical only.
The absolute BF for Λþ

c → Λeþνe is determined by

BðΛþ
c → ΛeþνeÞ ¼

NDT

NST × εsemi
; ð1Þ

where εsemi ¼ ð
P

ij N
ST
ij × ϵDTij =ϵSTij Þ=NST ¼ 0.2876 is the

average efficiency for detecting the Λþ
c → Λeþνe decay in

ST events [6], and i and j represent the ST modes and the
data samples at different center-of-mass energies, respec-
tively. The parameters NST

ij , ϵ
ST
ij , and ϵDTij are the ST yield,

and the ST and DT efficiencies, respectively. Inserting the
values of NDT, NST, and ϵsemi in Eq. (1), we measure
BðΛþ

c → ΛeþνeÞ ¼ ð3.56# 0.11# 0.07Þ%, where the
first uncertainty is statistical, and the second is systematic,
as described below.
With the DT technique, the BF measurements are

insensitive to the systematic uncertainties of the ST
selection. The remaining systematic uncertainties in the
BF measurement are now described. The uncertainties of

the eþ tracking and particle identification (PID) efficiencies
are determined to be 0.4% and 0.5% using radiative Bhabha
events. The uncertainty due to Λ reconstruction is deter-
mined to be 0.2%, using J=ψ → pK−Λ̄ and J=ψ → ΛΛ̄
control samples. The uncertainty associated with the
simulation of the SL signal model is estimated to be
0.6% by varying the input form-factor parameters, deter-
mined in this Letter, by 1 standard deviation. The ST yield
(1.0%) is evaluated by using alternative signal shapes in fits
to the MBC spectra. We also considered the following
systematic uncertainties: the fit to the Umiss distribution
(1.0%) estimated by using alternative signal shapes and
background shapes, the quoted BF for Λ → pπ− (0.8%),
and the MC statistics (0.8%). Adding these contributions in
quadrature gives a total systematic uncertainty of 2.0% for
the BðΛþ

c → ΛeþνeÞ measurement.
The differential decay rate of Λþ

c → Λeþνe can be
expressed using four variables: the eþνe mass squared
(q2), the angle between the proton momentum in the Λ rest
frame and the Λ momentum in the Λc rest frame (θp), the
angle between the positron momentum in the decay of
Wþ → eþνe rest frame and the Λ momentum in the Λc rest
frame (θe), and the acoplanarity angle between the Λ and
Wþ decay planes (χ). It can be described in terms of helicity
amplitudes HλΛλW by [39–41]

d4Γ
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FIG. 1. Left: the Mpπ− versus Umiss distribution for the Λþ
c →

Λeþνe candidates. The area between the dashed lines denotes the
Λ signal region, and the hatched areas indicate the Λ sideband
regions. Right: projected Umiss distribution within the Λ signal
region together with the fit.
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and reconstruction of the positron follow the procedures in
Ref. [6]. As the neutrino is not detected, we employ the
kinematic variable Umiss ¼ Emiss − cjp⃗missj to obtain infor-
mation on the neutrino, where Emiss and p⃗miss are the
missing energy and momentum carried by the neutrino,
respectively, and are defined in the same way as in Ref. [6].
The left panel of Fig. 1 shows the distribution of Mpπ−

versus Umiss for the Λþ
c → Λeþνe candidates in data. A

cluster of the events is located around the intersection of the
Λ mass and Λeþνe signal region near Umiss ≃ 0. Requiring
Mpπ− to be within the Λ signal region, we project the
distribution onto the Umiss axis, as shown in the right panel
of Fig. 1. To obtain the number of signal events, the Umiss
distribution is fitted with a signal function f which consists
of a Gaussian to describe the core of the Umiss distribution
and two power-law tails to account for initial- and final-
state radiations [6,38]. Two MC-simulated background
shapes are used to describe the peaking backgrounds from
Λþ
c → Λπþπ0 and Λþ

c → Λμþνμ, and a MC-simulated
nonresonant background shape is used to describe the
continuous background. From the fit, we obtain the yield of
Λþ
c → Λeþνe decay NDT ¼ 1253# 39, where the uncer-

tainty is statistical only.
The absolute BF for Λþ
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c → ΛeþνeÞ ¼
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where εsemi ¼ ð
P
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ST
ij × ϵDTij =ϵSTij Þ=NST ¼ 0.2876 is the

average efficiency for detecting the Λþ
c → Λeþνe decay in

ST events [6], and i and j represent the ST modes and the
data samples at different center-of-mass energies, respec-
tively. The parameters NST

ij , ϵ
ST
ij , and ϵDTij are the ST yield,

and the ST and DT efficiencies, respectively. Inserting the
values of NDT, NST, and ϵsemi in Eq. (1), we measure
BðΛþ

c → ΛeþνeÞ ¼ ð3.56# 0.11# 0.07Þ%, where the
first uncertainty is statistical, and the second is systematic,
as described below.
With the DT technique, the BF measurements are

insensitive to the systematic uncertainties of the ST
selection. The remaining systematic uncertainties in the
BF measurement are now described. The uncertainties of

the eþ tracking and particle identification (PID) efficiencies
are determined to be 0.4% and 0.5% using radiative Bhabha
events. The uncertainty due to Λ reconstruction is deter-
mined to be 0.2%, using J=ψ → pK−Λ̄ and J=ψ → ΛΛ̄
control samples. The uncertainty associated with the
simulation of the SL signal model is estimated to be
0.6% by varying the input form-factor parameters, deter-
mined in this Letter, by 1 standard deviation. The ST yield
(1.0%) is evaluated by using alternative signal shapes in fits
to the MBC spectra. We also considered the following
systematic uncertainties: the fit to the Umiss distribution
(1.0%) estimated by using alternative signal shapes and
background shapes, the quoted BF for Λ → pπ− (0.8%),
and the MC statistics (0.8%). Adding these contributions in
quadrature gives a total systematic uncertainty of 2.0% for
the BðΛþ

c → ΛeþνeÞ measurement.
The differential decay rate of Λþ

c → Λeþνe can be
expressed using four variables: the eþνe mass squared
(q2), the angle between the proton momentum in the Λ rest
frame and the Λ momentum in the Λc rest frame (θp), the
angle between the positron momentum in the decay of
Wþ → eþνe rest frame and the Λ momentum in the Λc rest
frame (θe), and the acoplanarity angle between the Λ and
Wþ decay planes (χ). It can be described in terms of helicity
amplitudes HλΛλW by [39–41]
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FIG. 1. Left: the Mpπ− versus Umiss distribution for the Λþ
c →

Λeþνe candidates. The area between the dashed lines denotes the
Λ signal region, and the hatched areas indicate the Λ sideband
regions. Right: projected Umiss distribution within the Λ signal
region together with the fit.
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The value of χ2=d:o:f. is evaluated to be 0.85. The
systematic uncertainties arise mainly from the uncertainties
related to positron tracking and PID efficiencies, Λ
reconstruction efficiency, the background normalization,
and the Λ decay parameter. The systematic uncertainties
arising from the requirements placed on the positron and Λ
are estimated by varying the positron tracking, PID
efficiencies, and Λ reconstruction efficiency by !0.4%,
!0.5%, and !0.2%, respectively. The systematic uncer-
tainty because of the background normalization is esti-
mated by varying its value by !13%, which takes into
account the uncertainty of the background estimations. The
systematic uncertainty in αΛ is evaluated by varying its
nominal value by !1σ. All of the variations mentioned
above will result in differences of the fitted parameters
from their values under the nominal conditions. These
differences are assigned as the systematic uncertainties and
summarized in Table II, where the total systematic uncer-
tainty is obtained by adding all contributions in quadrature.
In order to determine the parameter of ag⊥0 , the differ-

ential decay rate is related to BðΛþ
c → ΛeþνeÞ measured in

this Letter and the lifetime of Λc (τΛc
) by

Zq2max

0

dΓ
dq2

dq2 ¼ BðΛþ
c → ΛeþνeÞ

τΛc

; ð5Þ

where dΓ=dq2 is the integration of the differential decay
rate given in Eq. (2) over the other three kinematic variables
and expressed as

dΓ
dq2
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Inserting τΛc
¼ 202.4! 3.1 fs [3], the CKM element

jVcsj ¼ 0.97320! 0.00011 [3], and the helicity amplitudes
parametrized with form factors as in Eq. (3), we deter-
mine ag⊥0 ¼ 0.54! 0.04stat ! 0.01syst.
With the measured parameters and their correlation

coefficients shown in Table I, we obtain the dependences
of form factors of f⊥ðq2Þ, fþðq2Þ, g⊥ðq2Þ, and gþðq2Þ, and

the differential decay rate as a function of q2 in the SL
decay Λþ

c → Λeþνe. Figures 3 and 4 show comparisons of
the FFs and the differential decay rate between measure-
ments in this Letter and in LQCD calculations. Results of
LQCD calculations are obtained using the nominal values
listed in Table IV in Ref. [15]. We note that the depend-
ences of measured FFs show different kinematic behavior
compared to those predicted from LQCD calculations. In
particular, discrepancies can be seen at high-q2 regions for
f⊥ðq2Þ and g⊥ðq2Þ, as well as at low-q2 regions for fþðq2Þ.
For fþðq2Þ and f⊥ðq2Þ, our measurement tends to have a
steeper slope than those from LQCD calculations, while the
opposite is true for gþðq2Þ and g⊥ðq2Þ. The corresponding
comparison on differential decay rates, shown in Fig. 4,
gives fair agreement throughout the q2 region.
In summary, we report an improved measurement

of the absolute BF for Λþ
c → Λeþνe, BðΛþ

c → ΛeþνeÞ ¼
ð3.56! 0.11! 0.07Þ%, based on 4.5 fb−1 of data collected
at center-of-mass energies ranging from 4.600 GeV to
4.699 GeV with BESIII. This Letter supersedes our
previous measurement [6] and improves the precision of
the world average value more than threefold. Comparisons
of the BF from this Letter and theoretical predictions are

TABLE II. Systematic uncertainties (in %) of the fitted
parameters.

Parameter Tracking&PID&Λ Normalization αΛ Total

af⊥1 0.6 0.5 0.1 0.8
ag⊥1 6.0 7.2 2.8 9.8
rfþ 0.1 0.5 0.7 0.9
rg⊥ 0.3 0.1 0.6 0.7
rgþ 0.3 1.5 0.1 1.5
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FIG. 3. Comparison of form factors with LQCD calculations.
The bands show the total uncertainties.
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systematic uncertainties during fitting angular distributions
is taken as a systematic uncertainty. In total, three catego-
ries are used to determine the final results of Rem and jGMj
by taking into account correlations of systematic uncer-
tainties at different bins. The uncertainties of jGEj are
propagated from uncertainties of Rem, jGMj and their
correlations. Table I lists the total systematic uncertainties.
In conclusion, values of jGEj, jGMj, and Rem have been

extracted at five c.m. energy intervals in the TL region. The
results for Rem are close to unity considering systematic
uncertainties in a wide range of q2.
Compared with the FENICE results, the values for jGMj

from this work are smaller by a factor of ∼2–3 in the range
of

ffiffiffi
s

p
¼ 2.0–2.5 GeV, as shown in Figs. 4(a) and 4(b). The

measured jGEj and jGMj can be used to test various models
to provide a more comprehensive picture of the nucleon
structure. Among models such as a parametrization
obtained from the pQCD [37], a modified dipole model
based on the quark counting rule and analytical extension
(MD) [38], a vector meson dominance model (VMD) [39],
and a model based on dispersion relations (DR) [40–42],
our results show the best agreement with the DR-based
model (long-dashed line). Note that the MD parametriza-
tion (dot-dashed line) is re-analyzed with the experimental
results from this work. The free parameters of the DR-
based model are optimized by a fit to the TL jGMj data,
which are extracted for the neutron under the hypothesis
that jGEj ¼ jGMj. The free parameters of the MDmodel are
optimized with a fit to the TL effective FFs. The pQCD

based parametrization was initially developed for jGEj and
jGMj, legitimizing the use of these models also for a
comparison with jGEj. In contrast, the VMDmodel predicts
different values for jGEj and jGMj.
The EMFFs derived from data of unpolarized experi-

ments empirically scale likeGE;M ∼ ð−q2Þ−2 [44] in case of
q2 → −∞ in the SL region. It is interesting to check
whether the TL form factors show any asymptotic behavior.
Our results show jGn

E;Mj ∼ ðq2Þ−2 in the TL region. It is
important to test the analyticity of EMFFs as a direct
consequence of micro causality and unitarity. As stated in
the Phragmèn-Lindelöf (P-L) theorem [45], EMFFs in the
TL region can be extended to any direction of the q2

complex plane. As a result, the numerical values of
EMFFs should approach each other for jq2j → ∞, i.e.,

RE;M ≡ jGTL
E;Mðq2Þ=GSL

E;Mð−q2Þj !
jq2j→∞

1. Figures 4(c) and
4(d) show that the TL jGEj (jGMj) has no intersections with
the SL GE (GM), using an extrapolation with current fitting
parameters for the neutron. The measured ratios are RE ¼
5.18$ 1.18 for the electric form factors and RM ¼ 1.72$
0.14 for the magnetic form factors. The related fitting
results are listed in Table II.
In summary, we have separated jGEj from jGMj for the

neutron within a wide range of q2 from 4 to 9 GeV2 with
relative uncertainty around 12% for the modulus of the
magnetic form factor. This is comparable in accuracy to
results from electron scattering in a similar SL region of
four-momentum transfer. In the future, further efforts will
be made not only at electron accelerators [46,47] but also at
electron-positron [48] and proton-antiproton colliders [49]
to obtain a global picture of all data in the TL and SL
regions which will further deepen our understanding of the
nucleon structure.

The BESIII Collaboration thanks the staff of BEPCII and
the IHEP computing center for their strong support. This
work is supported in part by theNational KeyR&DProgram
of China under Contracts No. 2020YFA0406400,

TABLE II. Fitting results with dipole function corresponding to
Figs. 4(c) and 4(d).

jGEj

% % % TL (q2 > 4M2
n) SL (q2 < 0)

Formula ½A=ð1 − q2=0.71Þ2' ½Aτ=ð1þ BτÞ'½1=ð1 − q2=0.71Þ2'
Parameters A ¼ 3.39$ 0.43 A ¼ 1.42$ 0.08, B ¼ 2.17$ 0.39
χ2=ndf 0.4=4 25=36

jGM j

% % % TL (q2 > 4M2
n) SL (q2 < 0)

Formula ½A=ð1 − q2=0.71Þ2' ½A=ð1 − q2=0.71Þ2'
Parameters A ¼ 3.27$ 0.28 A ¼ 1.899$ 0.008
χ2=ndf 8.8=4 82=31

FIG. 4. Results for the separated form factors of the neutron.
(a) Electric and (b) Magnetic form factors as a function of

ffiffiffi
s

p

from this work are shown together with results from the FENICE
experiment [20] extracted under the hypothesis jGEj ¼ 0 (blue
rectangles) and four different parametrizations [37,40,43]. The
vertical red dotted line indicates the production threshold.
(c) Electric and (d) Magnetic form factors as a function of
jq2j from this work shown together with results from the world
data of SL ones. The fit to TL (SL) data is represented with a red
(blue) line and a gray band (95% C.I.). The related fitting results
are listed in Table II.
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Furthermore, we perform an investigation of the internal dynamics in Λþ
c → Λeþνe. We provide the first

direct comparisons of the differential decay rate and form factors with those predicted from lattice quantum
chromodynamics (LQCD) calculations. Combining the measured branching fraction with a q2-integrated
rate predicted by LQCD, we determine jVcsj ¼ 0.936# 0.017B # 0.024LQCD # 0.007τΛc .

DOI: 10.1103/PhysRevLett.129.231803

The study of Λþ
c semileptonic (SL) decays provides

valuable information about weak and strong interactions
in baryons containing a heavy quark. [1] Measurement of
the SL decay rate of the Λþ

c can help to elucidate the role of
nonperturbative effects in strong interactions [2]. In par-
ticular, the Cabibbo-favored (CF) SL decay Λþ

c → Λlþνl
(l ¼ e, μ), which is the dominant component in Λþ

c SL
decays [3], is the most interesting to measure. Its decay rate
depends on the weak quark mixing Cabibbo-Kobayashi-
Maskawa (CKM) matrix [4] element jVcsj and strong
interaction effects parametrized by form factors describing
the hadronic transition between the initial and the final
baryons. Measurement of jVcsj via Λþ

c → Λlþνl is an
important consistency test for the standard model (SM) and
a probe for new physics beyond the SM [2,5], comple-
mentary to D meson analyses.
In recent years, significant progress has been achieved in

the study of Λþ
c SL decays, both experimentally [6–8] and

theoretically [9–26]. In 2015, the BESIII Collaboration
reported the first measurement of the absolute branching
fraction (BF) for Λþ

c → Λeþνe with BðΛþ
c → ΛeþνeÞ ¼

ð3.63# 0.38stat # 0.20systÞ% [6]. The absolute BF for
Λþ
c → Λμþνμ [8] was reported later. These BESIII mea-

surements motivated the first lattice quantum chromody-
namics (LQCD) calculation on the CF SL decay
Λþ
c → Λlþνl in 2017, with a predicted BF BðΛþ

c →

ΛeþνeÞ ¼ ð3.80# 0.19LQCD # 0.11τΛþc
Þ% [15], which is

consistent with the BESIII result. Reference [15] also
investigated the internal dynamics and predicted the form
factors and differential decay rates in Λþ

c → Λeþνe decay.
This was followed by a series of other LQCD calculations
[23–26] in this sector. This theoretical work is important for
understanding the decay mechanism in SL decays in the
charmed baryon sector. However, there are no direct
experimental data for testing and calibrating calculations
of differential decay rates and form factors. Experimental
studies of the dynamics in Λþ

c → Λeþνe can provide this
information.
In this Letter, we report an improved measurement of the

absolute BF of Λþ
c → Λeþνe using datasets collected at the

BESIII at the center-of-mass energies
ffiffiffi
s

p
¼ 4.600, 4.612,

4.628, 4.641, 4.661, 4.682, and 4.699 GeV. The total
integrated luminosity for these data samples is 4.5 fb−1

[27,28], which includes and is about 7 times larger than that
used in Ref. [6]. Furthermore, for the first time, we measure
the differential decay rate and form factors in Λþ

c → Λeþνe

and provide the direct comparisons with those predicted by
the LQCD calculations [15].
Details about the BESIII detector design and perfor-

mance are provided in Ref. [29]. A GEANT4-based [30]
Monte Carlo (MC) detector simulation is used to determine
signal detection efficiencies and to estimate potential
backgrounds. Signal MC samples of eþe− → Λþ

c Λ̄−
c with

one Λþ
c baryon decaying to Λeþνe together with a Λ̄−

c
decaying to the hadronic decay mode used for this analysis
are generated by KKMC [31] with EVTGEN [32]. This
includes initial-state radiation [33] and final-state radiation
[34] effects. The signal MC sample of the SL decay Λþ

c →
Λeþνe is generated using the form factors measured in this
Letter. To study the backgrounds, an inclusive MC sample
consisting of open-charm states, radiative return to char-
monium(like) ψ states at lower masses, and continuum
processes of qq̄ (q ¼ u, d, and s), along with Bhabha
scattering, μþμ−, τþτ−, and γγ events are generated. All
known decay modes of open-charm and ψ states are
simulated using BFs specified by the Particle Data
Group (PDG) [3], while the remaining unknown ψ decays
are modeled with LUNDCHARM [35,36].
We select the “single tag” (ST) and “double tag” (DT)

samples as described in Refs. [6,8]. STs are Λ̄−
c baryons

reconstructed from their daughter particles in one of 14
hadronic decays as used in Ref. [37]. DTs are events with a
ST and a Λþ

c baryon reconstructed as Λeþνe. The ST Λ̄−
c

signals are identified using the beam-constrained mass:

MBC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð

ffiffiffi
s

p
=2Þ2 − jp⃗Λ̄−

c
j2

q
;

where p⃗Λ̄−
c
is the measured momentum of the ST Λ̄−

c . A
kinematic variable ΔE ¼ Ebeam − EΛ̄−

c
is required to

improve the signal significance for ST Λ̄−
c baryons. If an

event satisfies more than one Λ̄−
c tag, only the tag with the

minimum jΔEj is kept to avoid double-counting among
STs with the same final state. The ΔE requirements, MBC
distributions, and their ST yields are documented in
Ref. [37]. The total ST yield reconstructed with 14 ST
modes is NST ¼ 122 268# 474, where the uncertainty is
calculated by the weighted average according to the fit
results of each tag mode.
Candidates for Λþ

c → Λeþνe are selected from the
remaining tracks recoiling against the ST Λ̄−

c candidates
in the signal mass window. To select theΛ, the same criteria
as those used in the ST selection are applied [37]. Detection
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Hadron Spectroscopy 

2023/08/08 4

Hadron spectroscopy: establish the spectrum and study the exotic hadrons properties

Naïve Quark Model: 
conventional hadrons 

contain two or three quarks 

A lot of exotic states observed experimentally, but their nature is still far 
from being understood!!!  

… but QCD allows also different 
combinations of quarks and gluons: 

EXOTIC hadrons

3

@ J/! 10.1×109
Light hadron physics
• Meson and baryon spectroscopy
• Glueballs and hybrids
• ….

Hadron Spectrum

Isabe!a Garzia – HADRON 2023 Genova - 6 June, 2023 

Manifestly exotic:
• Quark contents more than qq or qqq 
• Quantum number JPC not reachable
     for ordinary mesons or baryons 

‘Cryptoexotic’ exotic: 
• Overpopulation of states
• Mass/width not fitting in spectra
• production and/or decay patterns 

incompatible with standard 
mesons/baryons 

A lot of exotic states observed, but their nature is far from being understood !
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New discoveries at BESIII

Manifestly exotic
• Quark contents more than qq or qqq
• Quantum number JPC not reachable

for ordinary mesons or baryons

‘Cryptoexotic’ exotic
• overpopulation of states
• mass/width not fitting in spectra
• production and/or decay patterns 

incompatible with standard mesons/baryons 

New particles @ BESIII 
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10 x 109 J/Y
Light meson and baryon spectroscopy
Search for glueballs and hybrids

New Charmonium StatesLarge Dataset above open charm



J/Y Radiative Decays
A gluon rich environment



Glueballs and Hybrids
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Ø Charmonium radiative decays is the ideal laboratory for light glueballs and hybrids hadron 
studies (clean, high statistics and gluon-rich process)

Prediction from LQCD

PRL110, 
021601PRD 88, 094505

LQCD prediction 
for Exotic Hybrids  

PRL111, 
091601

2.
0 

G
eV

2.
5 

G
eV

https://doi.org/10.1142/S0218
301309012124

Ø Establish the hybrid nonet:
Ø Isoscalar 1−+ hybrids can decay to ηη’ in P-wave (PRD 

83,014021, PRD 83, 014006, Eur.Phys.J.Plus 135, 945)

Ø Exotic Hybrids:
JPC = 0+−, 1−+, 2+− 

(forbidden in the 
conventional QCD 
scheme)

Ø The exotic JPC = 1−+ nonet 
of hybrids is predicted to 
be the lightest

Ø Only isovector candidate 
observed yet: π1(1400), 
π1(1600) [the most 
extensively studied], 
π1(2015)  

Hunting for glueballs and new forms of hadrons
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LQCD prediction for Glueballs • Hybrid JPC = 1-+ nonet is predicted to be the lightest
• Only isovector candidates observed so far: 

p1(1400), p1(1600), p1(2015)
• Isoscalar 1-+ hybrids can decay to hh’ in P-wave 

(PRD 83,014021, PRD 83, 014006, Eur.Phys.J.Plus
135, 945) 

• Glueballs with ordinary JPC mix with qq mesons
• B(J/Y -> gf0(1710)) x10 larger then f0(1500)
• f0(1710) largely overlaps with scalar glueball



Observation of h1(1855) in J/Y -> gh’h
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PRL 129, 192002 (2022)
PRD 106,072012 (2022)
PRD 107,079901 (2023)

PWA of J/!→γηη’ using 10 Billion of J/! data @ BESIII
Ø η→γγ and η’→γπ+π−/ ηπ+π−

Ø An isoscalar 1−+ state, 
η1(1855), has been observed 
with statistical significance 
larger than 19σ

Ø Mass is consistent with 
LQCD calculation for the 
1−+ hybrid (1.7 – 2.1 
GeV/c2)

*spin information
*

see talk by Runqui Ma
5 June 2023 – 16:30 
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PWA of J/Y -> gh’h; h->gg; h’->gp+p-/hp+p-

Quasi two-body decay amplitudes constructed 
with covariant tensor formalism including all 
kinematically allowed resonances from PDG
• JPC = 0++, 2++ and 4++ (gh’h system) 
• JPC = 1+− and 1−− (gh(’) system)

An isoscalar 1−+ state, η1(1855), has been 
observed with statistical significance larger 
than 19σ 

Isoscalar partner of p1(1600) ?

Meike Küßner MESON 202314

J/ψ → γη′ ηJ/ψ → γη′ η PRL 129, 19, 192002 (2022) 
PRD 106, 7, 072012 (2022)

■ Additionally need of a spin exotic contribution found!      
➡  

■ ,  

■ May be the isoscalar partner of the  
■ Further studies needed!  
■ Additional decay channels need to be investigated to 

improve the PWA model 

η1(1855)
M = (1855 ± 9+6

−1) MeV/c2 Γ = (199 ± 18+3
−8) MeV

π1(1600)

PRL 129, 192002 (2022)
PRD 106,072012 (2022)
PRD 107,079901 (2023)

PWA of J/!→γηη’ using 10 Billion of J/! data @ BESIII
Ø η→γγ and η’→γπ+π−/ ηπ+π−

Ø An isoscalar 1−+ state, 
η1(1855), has been observed 
with statistical significance 
larger than 19σ

Ø Mass is consistent with 
LQCD calculation for the 
1−+ hybrid (1.7 – 2.1 
GeV/c2)

*spin information
*

see talk by Runqui Ma
5 June 2023 – 16:30 

Observation of Exotic Isoscalar State η1(1855) in J/!→γηη’

Isabella Garzia – HADRON 2023 Genova - 6 June, 2023 8
Mass consistent with LQCD calculation for 1−+ hybrid
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where ϕP and ϕD are the phases of the P wave and D wave
relative to the S wave. Figure 5 shows the moments
computed for the data and the PWA model, using
Eq. (19), where good data/PWA consistency can be seen.
The need for the η1ð1855Þ P-wave component is apparent
in the hY0

1i moment [Fig. 5(b)].
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FIG. 4. The change in negative log-likelihood values for a range
of η1 resonance parameters in the baseline set of amplitudes. The
red dashed line indicates that the statistical significances of the
hypotheses under the red dashed line are higher than 5σ.

FIG. 5. The distributions of the unnormalized moments hY0
Li (L ¼ 0, 1, 2, 3 and 4) for J=ψ → γηη0 as functions of the ηη0 mass. Black

dots with error bars represent the background-subtracted data weighted with angular moments; the red solid lines represent the baseline
fit projections; and the blue dotted lines represent the projections from a fit excluding the η1 component.
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The distribution of cos(qh) in a region of 
M(hh’) can be expressed as a model 
independent expansion in Legendre 
polynomials.
The coefficient are the unnormalized 
moment of the expansion.

the cos θη distribution can be expressed as an expansion in
terms of Legendre polynomials. The coefficients, which are
called the unnormalized moments of the expansion, char-
acterize the spin of the contributing ηη0 resonances. The
moment for the kth bin of Mðηη0Þ is

hY0
l i≡

XNk

i¼1

WiY0
l ðcos θiηÞ: ð19Þ

For data, Nk is the number of observed events in the kth bin
of Mðηη0Þ and Wi is a weight used to implement back-
ground subtraction. For the PWA model, Nk is the number

of events in a PHSP MC sample, which is generated with
signal events distributed uniformly in phase space, and Wi
is the intensity for each event calculated in the PWAmodel.
Neglecting ηη0 amplitudes with spin greater than 2, and

ignoring the effects of symmetrization and the presence of
resonance contributions in the γη and γη0 subsystems, the
moments are related to the spin-0 (S), spin-1 (P) and spin-2
(D) amplitudes by [64]:
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FIG. 2. Background-subtracted data (black points) and the PWA fit projections (lines) for (a,b,c) the invariant mass distributions of
(a) ηη0, (b) γη, and (c) γη0, and (d) the distribution of cos θη, where θη is the angle of the η momentum in the ηη0 helicity coordinate
system. The red lines are the total fit projections from the baseline PWA. The blue lines are the total fit projections from a fit excluding
the η1 component. The dashed lines for the 1−þ; 0þþ; 2þþ; 4þþ and 1þ− contributions are the coherent sums of amplitudes for each JPC.
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FIG. 3. Dalitz plots for (a) the baseline PWA, (b) the selected data, and (c) background estimated from the η0 sideband.
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Cannot be described without a 1-+ component

h1(1855) -> hh’ is needed



Comments on f0(1500) and f0(1710)
from PWA of J/Y -> gh’h
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Erratum: Partial wave analysis of J=ψ → γηη0

[Phys. Rev. D 106, 072012 (2022)]

M. Ablikim et al.*

(BESIII Collaboration)

(Received 7 March 2023; published 12 April 2023)

DOI: 10.1103/PhysRevD.107.079901

We correct an error in the calculation of the ratios Bðf0 → ηη0Þ=Bðf0 → ππÞ, which arose from using incorrect values
for the products BðJ=ψ → γf0ÞBðf0 → ππÞ. Using the correct values BðJ=ψ → γf0ð1500ÞÞBðf0ð1500Þ → ππÞ ¼
ð1.09$ 0.24Þ × 10−4 and BðJ=ψ → γf0ð1710ÞÞBðf0ð1710Þ → ππÞ ¼ ð3.8$ 0.5Þ × 10−4, the updated results are listed
below.
(1) In the last paragraph of Secs. V and VI: Bðf0ð1500Þ → ηη0Þ=Bðf0ð1500Þ → ππÞ ¼ ð1.66þ0.42

−0.40Þ × 10−1.
(2) In the second paragraph of Sec. IV D: Bðf0ð1500Þ → ηη0Þ=Bðf0ð1500Þ → ππÞ ¼ ð1.66$ 0.38statÞ × 10−1.
(3) In the second paragraph of Sec. IV D: Bðf0ð1810Þ → ηη0Þ=Bðf0ð1710Þ → ππÞ ¼ ð2.9þ1.1

−0.9Þ × 10−3.
(4) In the abstract, the last paragraph of Secs. V and VI: Bðf0ð1710Þ → ηη0Þ=Bðf0ð1710Þ → ππÞ < ð2.87Þ × 10−3.

All discussions and conclusions regarding the ratios Bðf0 → ηη0Þ=Bðf0 → ππÞ remain unchanged.
In the interpretation of the angular moments, Eqs. (20) through (24) are only valid when the ηη0 system has zero helicity.

To be complete, we update Eqs. (20) through (24) to include the additional helicity states allowed in the decay J=ψ → γηη0.
In the helicity basis, using Lλ to represent the λth (λ ¼ 0, 1, 2) independent partial wave with spin L (L ¼ S, P, D), the
updated equations [1] are
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We correct an error in the calculation of the ratios Bðf0 → ηη0Þ=Bðf0 → ππÞ, which arose from using incorrect values
for the products BðJ=ψ → γf0ÞBðf0 → ππÞ. Using the correct values BðJ=ψ → γf0ð1500ÞÞBðf0ð1500Þ → ππÞ ¼
ð1.09$ 0.24Þ × 10−4 and BðJ=ψ → γf0ð1710ÞÞBðf0ð1710Þ → ππÞ ¼ ð3.8$ 0.5Þ × 10−4, the updated results are listed
below.
(1) In the last paragraph of Secs. V and VI: Bðf0ð1500Þ → ηη0Þ=Bðf0ð1500Þ → ππÞ ¼ ð1.66þ0.42

−0.40Þ × 10−1.
(2) In the second paragraph of Sec. IV D: Bðf0ð1500Þ → ηη0Þ=Bðf0ð1500Þ → ππÞ ¼ ð1.66$ 0.38statÞ × 10−1.
(3) In the second paragraph of Sec. IV D: Bðf0ð1810Þ → ηη0Þ=Bðf0ð1710Þ → ππÞ ¼ ð2.9þ1.1

−0.9Þ × 10−3.
(4) In the abstract, the last paragraph of Secs. V and VI: Bðf0ð1710Þ → ηη0Þ=Bðf0ð1710Þ → ππÞ < ð2.87Þ × 10−3.

All discussions and conclusions regarding the ratios Bðf0 → ηη0Þ=Bðf0 → ππÞ remain unchanged.
In the interpretation of the angular moments, Eqs. (20) through (24) are only valid when the ηη0 system has zero helicity.

To be complete, we update Eqs. (20) through (24) to include the additional helicity states allowed in the decay J=ψ → γηη0.
In the helicity basis, using Lλ to represent the λth (λ ¼ 0, 1, 2) independent partial wave with spin L (L ¼ S, P, D), the
updated equations [1] are

ffiffiffiffiffiffi
4π

p
hY0

0i ¼ S20 þ P2
0 þ P2

1 þD2
0 þD2

1 þD2
2; ð1Þ

ffiffiffiffiffiffi
4π

p
hY0

1i ¼ 2S0P0 cos ϕP0
þ 2ffiffiffi

5
p ð2P0D0 cosðϕP0

− ϕD0
Þ þ

ffiffiffi
3

p
P1D1 cosðϕP1

− ϕD1
ÞÞ; ð2Þ

ffiffiffiffiffiffi
4π

p
hY0

2i ¼
1

7
ffiffiffi
5

p ð14P2
0 − 7P2

1 þ 10D2
0 þ 5D2

1 − 10D2
2Þ þ 2S0D0 cos ϕD0

; ð3Þ

ffiffiffiffiffiffi
4π

p
hY0

3i ¼
6ffiffiffiffiffi
35

p ð
ffiffiffi
3

p
P0D0 cosðϕP0

− ϕD0
Þ − P1D1 cosðϕP1

− ϕD1
ÞÞ; ð4Þ

ffiffiffiffiffiffi
4π

p
hY0

4i ¼
1

7
ð6D2

0 − 4D2
1 þD2

2Þ: ð5Þ

The conclusions remain the same.

[1] Alessandro Pilloni (private communication).

*Full author list given in the original paper.
Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s) and the published articles title, journal citation, and DOI.

PHYSICAL REVIEW D 107, 079901(E) (2023)

2470-0010=2023=107(7)=079901(1) 079901-1 Published by the American Physical Society

Significant f0(1500) contribution:
Absence of f0(1710):

Support the hypotesis that f0(1710) largely overlaps with scalar glueball
Expectation is that B(G->hh’)/B(G->pp)<0.04 

TABLE II. The mass (M), width (Γ), PDG mass (MPDG), PDG width (ΓPDG), significance (Sig.) and the product
branching fractions BðJ=ψ → γXÞBðX → ηη0Þ, BðJ=ψ → η0XÞBðX → γηÞ and BðJ=ψ → ηXÞBðX → γη0Þ (B.F.) for
each component in the PWA fit using the PDG-optimized set of amplitudes. The uncertainties are statistical.

Decay mode Resonance M (MeV=c2) Γ (MeV) MPDG (MeV=c2) ΓPDG (MeV) B.F. (×10−5) Sig.

J=ψ → γX → γηη0 f0ð1500Þ 1506 112 1506 112 3.05# 0.07 ≫30σ
f0ð1810Þ 1795 95 1795 95 0.07# 0.01 7.6σ
f0ð2020Þ 1935# 5 266# 9 1992 442 1.67# 0.07 11.0σ
f0ð2100Þ 2109# 11 253# 21 2086 284 0.33# 0.03 5.2σ
f0ð2330Þ 2327# 4 44# 5 2314 144 0.07# 0.01 8.5σ
f2ð1565Þ 1542 122 1542 122 0.20# 0.03 6.2σ
f2ð1810Þ 1815 197 1815 197 0.37# 0.03 7.0σ
f2ð2010Þ 2022# 6 212# 8 2011 202 1.36# 0.10 8.8σ
f2ð2340Þ 2345 322 2345 322 0.25# 0.04 6.5σ
f4ð2050Þ 2018 234 2018 234 0.11# 0.02 5.6σ

J=ψ → η0X → γηη0 h1ð1415Þ 1416 90 1416 90 0.14# 0.01 10.3σ
h1ð1595Þ 1584 384 1584 384 0.41# 0.04 9.7σ
ϕð2170Þ 2160 125 2160 125 0.24# 0.03 5.6σ

J=ψ → ηX → γηη0 h1ð1595Þ 1584 384 1584 384 0.50# 0.03 11.0σ
ρð1700Þ 1720 250 1720 250 0.22# 0.03 8.8σ

TABLE III. The mass (M), width (Γ), PDG mass (MPDG), PDG width (ΓPDG), significance (Sig.) and the product
branching fractions BðJ=ψ → γXÞBðX → ηη0Þ and BðJ=ψ → η0XÞBðX → γηÞ (B.F.) of each component in the PWA
fit using the baseline set of amplitudes. The first uncertainties are statistical and the second are systematic.

Decay mode Resonance M (MeV=c2) Γ (MeV) MPDG (MeV=c2) ΓPDG (MeV) B.F. (×10−5) Sig.

f0ð1500Þ 1506 112 1506 112 1.81# 0.11þ0.19
−0.13 ≫30σ

f0ð1810Þ 1795 95 1795 95 0.11# 0.01þ0.04
−0.03 11.1σ

f0ð2020Þ 2010# 6þ6
−4 203# 9þ13

−11 1992 442 2.28# 0.12þ0.29
−0.20 24.6σ

J=ψ→γX→γηη0 f0ð2330Þ 2312# 7þ7
−3 65# 10þ3

−12 2314 144 0.10# 0.02þ0.01
−0.02 13.2σ

η1ð1855Þ 1855# 9þ6
−1 188# 18þ3

−8 % % % % % % 0.27# 0.04þ0.02
−0.04 21.4σ

f2ð1565Þ 1542 122 1542 122 0.32# 0.05þ0.12
−0.02 8.7σ

f2ð2010Þ 2062# 6þ10
−7 165# 17þ10

−5 2011 202 0.71# 0.06þ0.10
−0.06 13.4σ

f4ð2050Þ 2018 237 2018 237 0.06# 0.01þ0.03
−0.01 4.6σ

0þþ PHSP % % % % % % % % % % % % 1.44# 0.15þ0.10
−0.20 15.7σ

J=ψ→η0X→γηη0 h1ð1415Þ 1416 90 1416 90 0.08# 0.01þ0.01
−0.02 10.2σ

h1ð1595Þ 1584 384 1584 384 0.16# 0.02þ0.03
−0.01 9.9σ

TABLE IV. The fit fractions for each component and the interference fractions between two components(%) in the PWA fit with the
baseline set of amplitudes. The uncertainties are statistical only.

Resonance f0ð1500Þ f0ð1810Þ f0ð2020Þ f0ð2330Þ h1ð1415Þ h1ð1595Þ η1ð1855Þ f2ð1565Þ f2ð2010Þ f4ð2050Þ 0þþ PHSP

f0ð1500Þ 21.9#1.4 −4.3#0.4 16.2#0.5 −1.0#0.1 1.6#0.2 −1.6#0.9 0.2#0.0 0.2#0.1 0.6#0.1 0.0#0.0 13.4#1.1
f0ð1810Þ 1.4#0.1 −5.6#0.6 0.4#0.0 −0.1#0.0 0.6#0.1 0.0#0.0 −0.2#0.0 0.1#0.0 0.0#0.0 2.0#0.3
f0ð2020Þ 29.5#1.6 −3.7#0.5 0.0#0.2 −3.6#0.4 0.2#0.0 1.1#0.1 0.1#0.1 0.1#0.0 −15.9#1.8
f0ð2330Þ 1.4#0.2 0.1#0.0 0.3#0.1 0.0#0.0 −0.1#0.0 −0.2#0.0 0.0#0.0 2.6#0.3
h1ð1415Þ 1.1# 0.2 −1.1#0.3 −0.2#0.1 0.1#0.1 0.2#0.1 0.0#0.0 2.3#0.3
h1ð1595Þ 2.1# 0.3 0.5# 0.1 −0.3# 0.3 0.0# 0.2 0.1# 0.0 2.3# 1.0
η1ð1855Þ 3.5# 0.5 0.0# 0.0 −0.1# 0.0 0.0# 0.0 0.1# 0.0
f2ð1565Þ 4.6# 0.7 −0.6# 0.8 0.0# 0.0 −0.9# 0.1
f2ð2010Þ 10.2# 0.8 −0.1# 0.1 0.2# 0.1
f4ð2050Þ 0.8# 0.2 0.0# 0.0
0þþ PHSP 18.5#1.9

M. ABLIKIM et al. PHYS. REV. D 106, 072012 (2022)
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• Likely connected to non-trivial 
structure at 1500 MeV/c2 in p+p- 
system

• Simultaneus fit to h’p+p- and p+p- 
• Structure in M(p+p-) described by 

interference between by f0(1500) 
and X(1540)

• Full partial wave analysis needed to 
determine QN and disentangle states
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ηc

η’→γπ+π− η’→ηπ+π− 

A new state in 
M(η’π+π−) invariant 

mass is observed 
around 2.6 GeV/c2, 

which is correlated to a 
structure in M(π+π−) @ 

1.5 GeV/c2

X(2600): A New State Observed in J/!→γπ+π−η’ 
PRL 129, 042001 (2022)10 Billion of J/# data @ BESIII (η’→γπ+π−/ηπ+π−)

Isabella Garzia – HADRON 2023 Genova - 6 June, 2023 18



Observation of X(1835), X(2120), X(2370) in 
J/𝜓 EM Dalitz Decays 
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Observation of X(1835), X(2120), X(2370) in J/!
EM Dalitz Decays

PRL 129, 02200210 Billion of J/# data @ BESIII
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Confirmation of 
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J/ # radiative decays
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10 billions of J/Y @ BESIII

J/Y → e+e-h’p+p-

Confirmation of X(1835), 
X(2120) and X(2370) 
observed in J/Y radiative 
decays 

Observation of X(1835), X(2120) and X(2370) in J/ψ EM Dalitz Decays

• Measurement of the Transition Form Factor of J/ψ → e+e−X(1835)
➢the structure-dependent partial width can be modified by transition form 

factor, which provides information of the EM structure

25

J/ψ → e+e−π+π−η′

𝑑𝛤 𝐽/𝜓 → 𝑋 1835 𝑒+𝑒−

𝑑𝑞2𝛤(𝐽/𝜓 → 𝑋 1835 𝛾)
= 𝐹 𝑞2 2 × [𝑄𝐸𝐷(𝑞2)]

𝐹 𝑞2 =
1

1 − 𝑞2/𝛬2
𝛬 = 1.75 ± 0.29 ± 0.05 𝐺𝑒𝑉/𝑐2

PRL 129 (2022) 2, 022002

interval as shown in Eq. (1). These QED predicted
branching fractions are obtained from Eq. (12) of
Ref. [18]. Figure 3 shows the values of jFðq2Þj2 determined
in each interval of the Meþe− distribution. A simple pole
approximation parametrized as Fðq2Þ ¼ ½1=ð1 − q2=Λ2Þ&
[18,19], where the parameter Λ is the spectroscopic pole
mass, is used to fit the distribution. From the fit, Λ is
determined to be ½1.75' 0.29ðstatÞ ' 0.05ðsystÞ& GeV=c2.
The systematic uncertainty is taken as the difference
between the baseline Λ value and the refitted one including
the systematic uncertainties of the measured branching
fractions in each interval.
The systematic uncertainties on the branching fractions

associated with the efficiency include the signal generator,
photon detection efficiency, tracking efficiency, particle
identification efficiency, kinematic fit, mass spectra
requirements [γeþe−, πþπ−, πþπ−γðηÞ, and eþe−], and
Rxy requirement. The uncertainties from these efficiency-
related sources are 3.7%, 4.9%, and 7.2% for the Xð1835Þ,
Xð2120Þ, and Xð2370Þ modes, respectively. The total
systematic uncertainties related to fit methods include
the non-η0 background, J=ψ → π0πþπ−η0 background,
nonresonance background, and signal shape. The total
uncertainties due to the fit are 1.3%, 4.5%, and 4.7% for
the Xð1835Þ, Xð2120Þ, and Xð2370Þ modes, respectively.
Additional uncertainties for the total number of J=ψ events
[28] and the η0 branching fractions to the final states γπþπ−

and πþπ−η [34] are also included. The total for all
systematic uncertainties on the product branching fractions
of the Xð1835Þ, Xð2120Þ, and Xð2370Þ modes are 4.3%,
6.8%, and 8.8%, respectively. The final branching fraction
results are shown in Table I.
In summary, using a sample of about 1010 J=ψ events

collected at the center-of mass energy
ffiffiffi
s

p
¼ 3.097 GeV

with the BESIII detector, we report the observation of the
EM Dalitz decay J=ψ → eþe−πþπ−η0. This is also the first

observation of the states Xð1835Þ, Xð2120Þ, and Xð2370Þ
in the EM Dalitz decays, and the first measurement of the
TFF between J=ψ and Xð1835Þ. According to the model of
a coherent sum of two Breit-Wigner amplitudes of Xð1835Þ
and Xð1870Þ, the branching fraction of J=ψ →
eþe−Xð1835Þ, Xð1835Þ → πþπ−η0 is measured to be
½3.58' 0.19ðstatÞ ' 0.16ðsystÞ& × 10−6 (constructive inter-
ference)/½4.43' 0.23ðstatÞ ' 0.19ðsystÞ& × 10−6 (destruc-
tive interference) with a significance of 15σ. With
respect to the radiative decay J=ψ → γXð1835Þ,
Xð1835Þ → πþπ−η0 [3], the ratio R of the branching
fractions is determined to be ½1.19' 0.10ðstatÞ'
0.14ðsystÞ& × 10−2. The measured R is consistent with
the theoretical prediction [17] within 2 standard deviations
(2σ). The branching fractions of J=ψ → eþe−Xð2120Þ,
Xð2120Þ→πþπ−η0 and J=ψ → eþe−Xð2370Þ, Xð2370Þ →
πþπ−η0 are measured to be ½0.82' 0.12ðstatÞ '
0.06ðsystÞ& × 10−6 and ½1.08' 0.14ðstatÞ ' 0.10ðsystÞ& ×
10−6 with significances of 5.3σ and 7.3σ, respectively. The
measured values of jFðq2Þj2 for the J=ψ → eþe−Xð1835Þ
channel deviate from the pointlike particle assumption
(jFðq2Þj2 ¼ 1) significantly and have been parametrized
in the simple pole approximation as Fðq2Þ¼½1=ð1−
q2=Λ2Þ& with Λ¼½1.75'0.29ðstatÞ'0.05ðsystÞ&GeV=c2.
This measured pole mass Λ can be used as an input
parameter to improve the theoretical calculations.
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FIG. 3. jFðq2Þj2 distribution for J=ψ → eþe−Xð1835Þ decays.
The dots with error bars are jFðq2Þj2 values, the solid blue curve
is the fit result according to the simple pole approximation, and
the gray dashed line represents jFðq2Þj2 ¼ 1. The red arrows
denote the Meþe− veto requirements.
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Charmonium Spectrum
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Charmonium spectrum (cc)
_

c
c
_

[Godfrey & Isgur, PRD 32 (1985) 189]
[Barnes, Godfrey & Swanson, PRD 72 (2005) 054026]

Potential model:

• Before 2003:
Ø Good agreement between theory

and experiment, particularly
beneath open charm thresholds
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Charmonium spectrum (cc)
_

c
c
_

[Godfrey & Isgur, PRD 32 (1985) 189]
[Barnes, Godfrey & Swanson, PRD 72 (2005) 054026]

Potential model:

• Before 2003:
Ø Good agreement between theory

and experiment, particularly
beneath open charm thresholds

• After 2003:
Ø Severe mismatch between predicted

and observed spectrum

Before 2003 Now
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X(3872)
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•
•

X(3872)
6.3σ

• Fit with three Breit-Wigner resonances 
=> Evidence for two more structures

[Phys. Rev. Lett. 112 (2014) 092001] 

m = (3871.9± 0.7± 0.2)MeV/c2

� < 2.4MeV (90% CL)

BESIII: First observation of
First observation of

e+e� ! �X(3872) ! �⇡+⇡�J/ 

[Phys. Rev. Lett., 122 (2019) 232002 ] 

X(3872)
> 5σ

First observation of e+e� ! �X(3872)

Observed in J/Yp+p- and D0 D*0  by BaBar and Belle

33Frank Nerling Recent BESIII results on XYZ states

Experimental review of the X(3872)

• First observed by Belle in 2003
Ø

Ø very narrow state with JPC  =  1++

• Belle & BaBar report signal in
Ø

• Mass

• Width measurement:
Ø ΓX(3872) <  1.2 MeV   (2011, Belle)
Ø ΓX(3872) = 1.13 MeV (2020, LHCb)

[Belle Collab., PRL 91 (2003) 262001]

ψ' → J/ψ π+π-

X(3872) → J/ψ π+π-

For clarification:
=> Precision measurement with 

sub-MeV resolution needed!

Analogy to deuteron:

D D*
_

10 fm!
c

u
_

u
c
_

= (-0.07 ± 0.12) MeV/c2 (LHCb 2020)
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[Phys. Rev. Lett., 122 (2019) 232002 ] 

X(3872)
> 5σ

First observation of e+e� ! �X(3872)

Evidence for 2 additional structures
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Production of X(3872)
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First observation of

•
•

• Shape consistent with production               
via a Y(4230) state 

BESIII: First observation of
First observation of

cross section

of Y(4230) 
line shapeof Y(4230) 

line shape

[Subm. to Phys. Rev. Lett., arXiv:1903.04695 [hep-ex]] 

ppJ/y wJ/y

[Phys. Rev. Lett. 112 (2014) 092001] [Phys. Rev. Lett., 122 (2019) 232002 ] 

e+e� ! �X(3872)

First observation of 
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Production mechanisms
• B meson decays (discovery by Belle, 2003)
• Radiative transitions (e.g. from Y(4230), BESIII)
• Prompt production (e.g. pp collisions, e.g .CMS)
• Two-photon fusion (evidence by Belle, 2021)

Direct production in e+e- annihilation 
at BESIII:

• VMD prediction: Γee ≳ 0.036 eV 

• After observation (5.1σ) of  

• Search for 
Ø No enhancment observed in cross section
Ø Provide UL(CL90) assuming average value:

=>

[Phys. Rev. Lett. 112 (2014) 092001] 

[Phys. Rev. Lett., 122 (2019) 232002 ] 

e+

e-

X

γ*

Two photon production

γ*

e+

e-

New production processes of X(3872) 

[A.Denig et al. PLB 736 (2014) 221]

[BESIII, PRL 129 (2022) 122001]

[arXiv: 2209.12007 [hep-ex]] X(3872) ?

Search for direct production in e+ e- annihilation:
No enhancement in cross section
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Production mechanisms
• B meson decays (discovery by Belle, 2003)
• Radiative transitions (e.g. from Y(4230), BESIII)
• Prompt production (e.g. pp collisions, e.g .CMS)
• Two-photon fusion (evidence by Belle, 2021)

Direct production in e+e- annihilation 
at BESIII:

• VMD prediction: Γee ≳ 0.036 eV 

• After observation (5.1σ) of  

• Search for 
Ø No enhancment observed in cross section
Ø Provide UL(CL90) assuming average value:

=>

[Phys. Rev. Lett. 112 (2014) 092001] 

[Phys. Rev. Lett., 122 (2019) 232002 ] 

e+

e-

X

γ*

Two photon production

γ*

e+

e-

New production processes of X(3872) 

[A.Denig et al. PLB 736 (2014) 221]

[BESIII, PRL 129 (2022) 122001]

[arXiv: 2209.12007 [hep-ex]] X(3872) ?

@ 90% CL
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First Observation of
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•
•

X(3872)
7.5σ

• 9 data samples from 4.66 to 4.95 GeV (4.7 fb-1) 
• First observation of this production process 
à just above threshold

[Phys. Rev. Lett. 130 (2023) 151904] 

m = (3871.9± 0.7± 0.2)MeV/c2

� < 2.4MeV (90% CL)

[Phys. Rev. Lett., 122 (2019) 232002 ] 

X(3872)
> 5σ

Observation of

X(3872) and w signal regions

J/y and w signal & sideband regions
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Data sample from 4.66 to 4.95 GeV (4.7 fb-1)
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Y States Decaying to Charmonium
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What happened to the Y states?

[Phys. Rev. Lett. 118 092002 (2017)] 

b

Two structures now resolved: Y(4260) à Y(4230) , and Y(4360) 

[Phys. Rev. D 96, 032004 (2017)] 

[BaBar, PRL 98, 212001 (2007)] [BaBar, PRL 95, 142001 (2005)] 

e+e- → J/ψπ+π- e+e- → ψ(2S)π+π- e+e- → hcπ+π-

[Phys. Rev. D 106, 072001 (2022)]
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21Frank Nerling Recent BESIII results on XYZ states

[PRD 104, 052012 (2021)] 

• Observation of Y(4660) → ψ(2S)π-π+
with a significance of 8.1σ
• First observation of Y(4660) at BESIII

e+e- → ψ(2S)π+π-

The Y states, e+e- production of
J/ψππ, hcππ and ψ(2S)ππ

• BESIII: Much higher precision
• Coherent BW fit: Y(4230) and Y(4360)

[Phys. Rev. D 96, 032004 (2017)] 

e+e- → ψ(2S)π+π-

(5.8σ)

Y(4660)

Discovery of Y(4260) in J/Ypp and 
of Y(4360) in Y(2S) using ISR by 
BaBar

Two structures now resolved:
Y(4260) -> Y(4230) and Y(4360)

Y(4660) confirmed at 8.1 s
(first observation by Belle)

The power of statistics

2023/08/08 18



More on Y(4230) and Observation of Y(4500)
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Y(4220)

y(4415) + 

Y(4390) ?

[PRL  122, 102002 (2019)] 

What happened to the Y states?
Y(4230):
Ø M = (4209.6 ±4.7 ±5.9) MeV/c2
Ø Γ = (81.6 ±17.8 ±9.0) MeV

Y(4500):
Ø M = (4469.1 ±26.2 ±3.6) MeV/c2
Ø Γ = (81.6 ±17.8 ±9.0) MeV

Y(4660):
Ø M = (4675.3 ±29.5±3.5) MeV/c2
Ø Γ = (218.2 ±72.9 ±9.3) MeV

=> Consistency with structures in

J/ψ / hc / ψ(2S)ππ & J/ψKKe+e- → D0D*- π+

Y(4230):
Ø M = (4228.6 ± 4.1 ±6.3) MeV/c2
Ø Γ = (77.0 ± 6.8 ±6.3) MeV/c2

Y state at about 4.40 GeV:
Ø strongly model dependent

=> First Y decays to open-charm
=> Consistency with structures in 

J/ψ / hc / ψ(2S) ππ

[PRL  122, 102002 (2019)] 

e+e- → D*0D*- π+
[PRL 130 (2023) 121901] 

23Frank Nerling Recent BESIII results on XYZ states

Y(4220)

y(4415) + 

Y(4390) ?

[PRL  122, 102002 (2019)] 

What happened to the Y states?
Y(4230):
Ø M = (4209.6 ±4.7 ±5.9) MeV/c2
Ø Γ = (81.6 ±17.8 ±9.0) MeV

Y(4500):
Ø M = (4469.1 ±26.2 ±3.6) MeV/c2
Ø Γ = (81.6 ±17.8 ±9.0) MeV

Y(4660):
Ø M = (4675.3 ±29.5±3.5) MeV/c2
Ø Γ = (218.2 ±72.9 ±9.3) MeV

=> Consistency with structures in

J/ψ / hc / ψ(2S)ππ & J/ψKKe+e- → D0D*- π+

Y(4230):
Ø M = (4228.6 ± 4.1 ±6.3) MeV/c2
Ø Γ = (77.0 ± 6.8 ±6.3) MeV/c2

Y state at about 4.40 GeV:
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=> First Y decays to open-charm
=> Consistency with structures in 

J/ψ / hc / ψ(2S) ππ

[PRL  122, 102002 (2019)] 

e+e- → D*0D*- π+
[PRL 130 (2023) 121901] 

Y(4230):

Model dependent structure at 4.4 GeV
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• Data samples from 4.13 to 4.60 GeV (15.6 fb-1) 

• Dressed cross-section measurement of
e+e- → K+K- J/ψ

• Y(4230) and Y(4500) observed (29σ / 8σ)
Ø M = (4484.7 ± 13.3 ± 24.1) MeV/c2
Ø Γ = (77.0 ± 6.8 ±6.3) MeV

The Y states, e+e- production of
J/ψππ, hcππ, ψ(2S)ππ and J/ψK+K-

[PRD 97, 071101 (2018)] 

larger statistics, more
data points & improved
detection efficienices

[Chin. Phys. C 46, 111002 (2022)] 

(4.7 fb-1)

Data sample from 4.13 to 4.60 GeV (15.6 fb-1)

Y(4230) and Y(4500) observed at 29s and 8s
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• Data samples from 4.13 to 4.60 GeV (15.6 fb-1) 

• Dressed cross-section measurement of
e+e- → K+K- J/ψ

• Y(4230) and Y(4500) observed (29σ / 8σ)
Ø M = (4484.7 ± 13.3 ± 24.1) MeV/c2
Ø Γ = (77.0 ± 6.8 ±6.3) MeV

The Y states, e+e- production of
J/ψππ, hcππ, ψ(2S)ππ and J/ψK+K-

[PRD 97, 071101 (2018)] 

larger statistics, more
data points & improved
detection efficienices

[Chin. Phys. C 46, 111002 (2022)] 

(4.7 fb-1)
e+e- → K+K-J/Y Chin. Phys. C46, 111002 (2022)                  

PRL 122, 102002(2019)

Data sample from 4.05 to 4.60 GeV (15.8 fb-1)



Confirmation of Y(4500) and evidence for Y(4710)
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PRL130, 121901 (2023) e+e-® 𝐷∗"𝐷∗#𝜋$ PRD107, 092005 (2023) e+e-® KSKSJ/y

resonance mass (MeV) width (MeV) agree
BW1 4210±5±6 82±18±9 Y(4230)
BW2 4469±26±4 246±37±9 Y(4500)
BW3 4675±30±4 218±73±9 Y(4660)

resonance mass (MeV) width (MeV) note
Y(4230) 4227±7±22 72±16±33 26s
Y(4500) Fixed Fixed 1.4s
Y(4710) 4704±52±70 183±114±96 4.0s

Y(4230) observed in J/Y p+p-, Y(2S) p+p-, J/YK+K-, J/YKSKS, D*0D*-p+ 

Y(4500) observed in J/YK+K-, D*0D*-p+ Y(4660) observed in Y(2S) p+p-, D*0D*-p+ 

Evidence of Y(4710) in J/YKSKS



A new vector charmoniumlike state 
Y(4790) in e+e- → DS*+ DS*- ?

2023/08/08 21

The cross section line -shape is 
modelled with 3 BW and PhSP.
More data at around 4.8 GeV are 
needed to understand the line shape.
Third BW is needed to better 
describe the cross section lineshape 
with a 6.1s significance
Could it be the Y(4710) seen in 
KSKSJ/y?

arXiv: 2305.10789, submitted to PRL
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FIG. 2. Three fitting results for the measured Born cross sections of e+e− → D∗+
s D∗−

s . The black dots with error bars are
for the measured Born cross sections. In each plot, the black curve represents the fit; the green dashed, blue two-dashed and
red long-dashed ones are for the three BWs, respectively, and the pink dot-dashed is for the PHSP contributions.

TABLE I. The fitting results of the Born cross sections.

Result 1 Result 2 Result 3
M1 (MeV/c2) 4186.5±9.0 4193.8±7.5 4195.3±7.5
Γ1 (MeV) 55±17 61.2±9.0 61.8±9.0

M2 (MeV/c2) 4414.5±3.2 4412.8±3.2 4411.0±3.2
Γ2 (MeV) 122.6±7.0 120.3±7.0 120.0±7.0

M3 (MeV/c2) 4793.3±7.5 4789.8±9.0 4786±10
Γ3 (MeV) 27.1±7.0 41±39 60±35

are common along all the energy points, while others are
estimated depending on the ECM range.

The systematic uncertainties of tracking (particle iden-
tification) efficiency are estimated to be 0.5% (0.5%) per
K± and 0.2% (0.4%) per π± with a control sample of
D±

s → K+K−π± decays [44]; thus a 1.2% (1.4%) sys-
tematic uncertainty is assigned for the tracking efficien-
cy (particle identification) in the D±

s → K+K−π± can-
didates selection. The systematic uncertainty in the ef-
ficiency for photon reconstruction is set conservatively
to 1% based on a study with a sample of J/ψ → ρπ
events [45]. From fits of the invariant mass spectrum of
D±

s → K+K−π± candidates and of the modified missing
mass of D∗±

s → γK+K−π± candidates, the efficiencies
for signal in the mass window for both data and MC
samples can be calculated, and the relative differences in
efficiency between data and MC simulation are taken as
systematic uncertainties for theD±

s mass window and the
modified missing mass window, respectively, which cover
the possible resolution difference and the zero width set-
ting for D∗±

s in MC simulation. The maximum difference
in the dressed cross sections between the last two itera-
tions, 0.2%, is taken as the systematic uncertainty for the
stability of the iteration results. The systematic uncer-
tainty of the branching fraction for D±

s → K+K−π± and
D∗±

s → γD±
s is taken from Ref. [34]. The integrated lu-

minosities are measured by QED events [46] with a sys-
tematic uncertainty of 1%. The uncertainty from VP
correction is 0.1% [38]. The uncertainty of the peaking
background subtraction from the e+e− → D±

s D
∗∓
s pro-

cess is estimated to be 1% mainly from the uncertainties

of cross section measurement. Instead of the HELAMP
model, the PHSP model [30, 31] is also used to generate
e+e− → D∗±

s D∗∓
s events and the maximum difference in

efficiency, 2.2%, is taken as the systematic uncertainty for
the generation model. We get the total common system-
atic uncertainty by adding them in quadrature, which is
4.0%.

The shape related parameters ∆m, ∆σ, and c1 are
fixed to the averaged values in the nominal fit (see Fig. 1
for an example). The differences of the fitted signal
yields, when these parameters are floating, are within
statistical uncertainties. However, to cover these differ-
ences conservatively, the whole energy range is divid-
ed into three intervals (4.226, 4.3) GeV, (4.3, 4.4) GeV,
and (4.4, 4.95) GeV with assigned systematic uncertain-
ties 2%, 5%, and 2%, respectively, due to the signal and
background shapes. The boundaries of the nominal fit-
ting range for MγKKπ, which is [2.02, 2.20] GeV/c2, are
changed by 10 MeV to estimate the corresponding fitting
range uncertainties. These are assigned to be 4%, 5%,
and 4%, respectively, in the energy intervals (4.226, 4.3)
GeV, (4.3, 4.4) GeV, and (4.4, 4.95) GeV. Eq. (2) is used
to fit the data iteratively and get the converged dressed
cross sections, during that the cross section line shape
is similar to the one in Fig. 2(a). Other two differ-
ent line shapes with comparable fitting goodness, that
are similar to the results shown in Fig. 2(b) and 2(c),
plus an additional line shape obtained by the LOWESS
(LOcally WEighted Scatterplot Smoothing) [48, 49], are
used to calculate the systematic uncertainties for the
line shape description by repeating the iterations and
taking the differences in the results. The systematic
uncertainty of the measured ECM is found to be less
than 0.8 MeV (0.6 MeV) for 4.226 < ECM < 4.6 GeV
(4.6 < ECM < 4.95 GeV) [24–26] and it is used to shift
all the energy points to conservatively estimate the im-
pacts on the measured cross sections. Since the cross
section line shape varies dramatically near the threshold,
the ECM uncertainty could have significant impact on the
ISR correction factors nearby, subsequently affecting the
measured cross sections and the fitting results around the

Consistent with Y(4160) 
and Y(4230)

Consistent with Y(4415), but 
width slightly larger then WA



Zcs(3985): the strange partner of Zc(3900)
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29Frank Nerling Recent BESIII results on XYZ states

First Zcs candidates Zcs(3985) reported
• Search for strange partner of Zc(3900)

ØContaining s quark in open charm decay
Ø

ØNarrow threshold enhancement (5.3s)
Ø

• Manifestly exotic charged hidden-charm 
tetraquark candidate with strangeness
ØWith a non-zero electric charge
ØThus, minimal quark content => [ccsu] 

• LHCb reports a Zcs(4000) in B → f(J/yK+)
Ø

Ø JP = 1+, hidden charm final state
Ø10x broader…

=> Same state observed in different decays 
(open/hidden charm) at two experiments?

__

[LHCb, arXiv:2103.01803]

[BESIII, Phys. Rev. Lett. 126 (2021) 102001]

Narrow threshold enhancement (5.3s) in 
e+e- -> K+ (D*sD/DsD*)-
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ØNarrow threshold enhancement (5.3s)
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• Manifestly exotic charged hidden-charm 
tetraquark candidate with strangeness
ØWith a non-zero electric charge

ØThus, minimal quark content => [ccsu] 

• Search for neutral partner of Zcs(3985)
ØContaining s quark in open charm decay

Ø

Ø Narrow threshold enhancement (4.6s)

Ø

=> Seem to be isospinpartners

__

[BESIII, Phys. Rev. Lett. 126 (2021) 102001]

[BESIII, Phys. Rev. Lett. 129 (2022) 112003]

First Zcs candidates Zcs(3985) reported

Charged tetraquark candidate with strangess.
Minimal quark content:[ccsu]

LHCb reports a Zcs(4000) in B -> f(J/YK+)
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JP=1+, hidden charm state
10 times broader

Same state observed in different 
decays by the two experiments?



Neutral Zcs and excited partners of Zcs(3985)
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• Search for strange partner of Zc(3900)
ØContaining s quark in open charm decay

Ø

ØNarrow threshold enhancement (5.3s)
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• Manifestly exotic charged hidden-charm 
tetraquark candidate with strangeness
ØWith a non-zero electric charge

ØThus, minimal quark content => [ccsu] 

• Search for neutral partner of Zcs(3985)
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• Manifestly exotic charged hidden-charm 
tetraquark candidate with strangeness
ØWith a non-zero electric charge

ØThus, minimal quark content => [ccsu] 

• Search for neutral partner of Zcs(3985)
ØContaining s quark in open charm decay

Ø

Ø Narrow threshold enhancement (4.6s)

Ø

=> Seem to be isospinpartners

__

[BESIII, Phys. Rev. Lett. 126 (2021) 102001]

[BESIII, Phys. Rev. Lett. 129 (2022) 112003]

First Zcs candidates Zcs(3985) reported

Search for neutral partner of Zcs(3985)
Narrow threshold enhancement (4.6s) in
e+e- -> Ks (D*+

sD-/D+
sD*-)

Search for excited partner of Zcs(3985) in 
e+e- -> K+ D*-sD*0 + cc
• 3 different data samples at √s = 4.661, 

4.682 and 4.699 GeV (2.7 fb-1)
• Two different tag-methods (Ds

– -/D*0-tags) 

31Frank Nerling Recent BESIII results on XYZ states

The charged Zcs’

• Search for excited partner of Zcs(3985)
Ø 3 different data samples at 

√s = 4.661, 4.682 and 4.699 GeV  (2.7 fb-1)
Ø

Ø two different tag-methods (Ds
– -/D*0-tags)

• Evidence for a Zcs
’ state

Ø

Ø 2.1σ significance (3.9σ \wo systematics)

• Statistics limited, test of decay width 
hypotheses, local statistical 4.1σ for: 

• Upper Limits (CL90) provided: on σBorn x 
BR:  !(1) pb
Ø UL on σBorn x BR: :  !(1) pb
Ø at each √s = 4.661, 4.682 and 4.699

=> More data will be taken

[Chin. Phys. C 47, 033001 (2023)] 

Hint (2.1s) of a Z’CS state
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UL @ 90% CL of sBorn x BR: O(1) pb

Seem to be isospin partners



BEPCII Upgrade in 2024
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29

29

• Luminosity is increased by a factor 3 
@ 2.35 GeV

• Maximun beam energy is increased up 
to 2.8 GeV



Summary
• Unprecedented statistics collected by BESIII provides great 

opportunities to study QCD exotics

• Exciting results from J/Y radiative and Dalitz decays:
• Observation of h1(1855), exotic spin state, possible hybrid candidate
• f0(1710) can possibly be a superposition with a ground state scalar 

glueball
• Observation of new state X(2600)

• Improved understanding of XYZ states:
• New production mechanism of X(3872)
• Mapping of fine structure of Y states
• Further studies of the ZCS state family

• Many more BESIII results have not been discussed here…

• … And many more will come:
• Upgrade of BEPCII (2024)
• Upgrade of the inner tracker of the BESIII detector with 3 layers 

of Cylindrical GEM detectors (2024)
• Data taking will continue at least until 2030
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