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Hadrons
Dominant part of visible matter in the universe


To fully understand the strong interaction


Understanding the rich and complex features of its bound states, hadrons
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How are hadrons formed from quarks and gluons?


What is the origin of confinement?


How is the mass of hadron generated in QCD?


What is the dynamics of effective DoF in hadrons?



Hadron physics
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Structure

Interactions

Spectroscopy

Precise tests and rare processes



Outline of the talk
The BESIII experiment


Hadron structure: Baryon Form Factors


SM precision tests with semileptonic decays


Hadron interactions: Study of Antihyperon-Nucleon Scattering


Spectroscopy


Light hadrons


Heavy exotics


The BESIII upgrade program
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The BESIII experiment @ BEPCII
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RPC Muon Counter

in the iron yoke

SC 1-Tesla

solenoid

CsI(Tl)  EM calorimeter

σE /E = 2.5 % / E

Barrel TOF

σT = 90 ps

Endcap TOF

σT = 70 ps

40-layer MDC

σp/p(1 GeV/c) = 0.5 %

• 


• Region below 2 GeV directly accessible (via ISR) 


• 


• Energy spread: 


• World’s largest sample of


•  —> 10 billions


•  —> 3 billions


•  —> 20 fb-1


• About 22 fb-1 of data for Exotic Charmon 
Spectroscopy

ECM = 1.84 − 4.95 GeV

ℒpeak = 1.1 × 1033 cm−2s−1

ΔE ∼ 5 × 10−4

J/ψ

ψ(2S)

ψ(3770)

BESIII collaboration: ~600 members 
from 17 countries, 89 institutions



The BESIII experiment @ BEPCII
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• 


• Region below 2 GeV directly accessible (via ISR) 


• 


• Energy spread: 


• World’s largest sample of


•  —> 10 billions


•  —> 3 billions


•  —> 20 fb-1


• About 22 fb-1 of data for Exotic Charmonium 
Spectroscopy

ECM = 1.84 − 4.95 GeV

ℒpeak = 1.1 × 1033 cm−2s−1

ΔE ∼ 5 × 10−4

J/ψ

ψ(2S)

ψ(3770)

Spectroscopy & decays of light hadrons and charmonium, charm physics, precision measurements, tests of fundamental symmetry



HADRON STRUCTURE
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e+e− → Λ+
c Λ−

c
Energy scans from 4.61 to 4.95 GeV


Sharp rise in cross section near threshold


Disagreement with Belle data near 4.6 GeV


No discernible oscillations of the effective form factors 


Different from the case of proton and neutron


With the polar-angle distribution of 


|GE| and |GM| are extracted


Energy dependence of R = |GE/GM|:


Damped oscillations with frequency ~3.5 times 
larger than for the proton

Geff

Λ+
c
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PRL 131, 191901 (2023)

in the KKMC generator, and considering the uncertainties of
the c.m. energy [42] and energy spread [48], the total
uncertainty of fISR is estimated to be 2.3% at

ffiffiffi
s

p
¼

4.7397 GeV and lower than 1.0% at all other energy
points. The uncertainty on fVP is assigned to be 0.5% [56]
and that of Lint is about 0.5% [42] at all the c.m. energies.
All the systematic uncertainties of σþ and σ− are

correlated at the same c.m. energy, except for those arising
from the statistical uncertainties of NST, εST, and εDT.
Furthermore, the systematic uncertainties from the DT
analysis, fVP, and Lint, obtained at different energy points,
are correlated. Details of these systematic uncertainties are
tabulated in [54].
At each c.m. energy, the average cross section is

determined with the method described in Refs. [32,58].
The results are presented in Table I. Figure 2 illustrates the
comparison of the eþe− → Λþ

c Λ̄−
c cross sections measured

in this study, and by Belle [26]. Also shown are the results
of the previous BESIII measurements [32], which
have been reevaluated [54] using N#

ST and ε#ST of only

the Λþ
c → pK−πþ mode and the updated variables required

in Eq. (3). In our data, the near threshold cross-section
plateau is confirmed up to 4.66 GeV and no resonance
structure is observed around 4.63 GeV.
The effective Λþ

c form factor is calculated from the
average cross section σ as

jGeff j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ
σ0
3

"
1þ κ

2

#
s

; ð4Þ

where σ0 ¼ 4πα2βC=s, C is the Coulomb factor [32],
β ¼

ffiffiffiffiffiffiffiffiffiffiffi
1 − κ

p
, κ ¼ 4m2c4=s, and m is the known mass of

the Λþ
c baryon [43]. Table I lists the calculated jGeff j above

4.6 GeV while those near threshold are given in [54]. The
three-pole model [21] is used to fit the jGeff j distribution,
where an oscillatory behavior is expected in the residuals
between data and the fitted model. However, neither the
model nor its variants [20] can describe the jGeff j distri-
bution. In addition, there is no discernible oscillation
feature in the residual distribution [54].
To precisely determine the jGE=GMj value for Λþ

c
production at a given c.m. energy, the Born polar-angle
distribution of Λþ

c production is studied [59] using the ST
signal sample. There is a sizable fraction of Λþ

c Λ̄−
c ISR-

return events in the ST signal sample, for which the polar
angle of Λþ

c is not accessible. However, for pure Born
events, the polar angle coincides with the scattering
angle. Therefore, the Born polar-angle distribution can
be obtained by applying a cos θ-dependent correction,
accounting for ISR effects, on the produced scattering
angle distribution. Based on the ST signal MC sample,
where the ISR events can be distinguished, the correction is
obtained by dividing the normalized generated scattering-
angle distribution of all the ST signal events by that of the
ST sample with the ISR events excluded. The ISR
correction is further parameterized by an empirical function
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FIG. 2. Comparison of the cross sections of the eþe− → Λþ
c Λ̄−

c
process, where the red dots denote the results of this study and the
green open squares indicate those of Belle [26]. The results of the
previous BESIII measurement [32] are also updated and shown as
red open dots.

TABLE I. Summary of the measured average production cross section, effective form factor, polar angle distribution parameter,
electromagnetic form factor ratio, and magnetic form factor of the charmed baryon in the eþe− → Λþ

c Λ̄−
c process at each energy point,

where the uncertainties are statistical and systematic, respectively.

ffiffiffi
s

p
(GeV) Lint (pb−1) σ (pb) jGeff j (10−2) αΛc

jGE=GMj jGMj (10−2)

4.6119 103.7 208.4# 6.9# 7.0 49.2# 0.8# 0.8 −0.26# 0.09# 0.01 1.31# 0.12# 0.01 43.5# 3.3# 1.5
4.6280 521.5 206.4# 3.1# 6.9 45.5# 0.3# 0.8 −0.21# 0.04# 0.01 1.25# 0.06# 0.01 41.8# 1.5# 1.5
4.6409 551.6 205.1# 3.0# 6.9 43.4# 0.3# 0.7 −0.09# 0.05# 0.01 1.11# 0.05# 0.01 41.8# 1.4# 1.4
4.6612 529.4 200.3# 2.9# 6.8 40.6# 0.3# 0.7 −0.02# 0.05# 0.01 1.04# 0.05# 0.01 40.2# 1.4# 1.4
4.6819 1667.4 188.1# 1.6# 6.3 37.7# 0.2# 0.6 0.15# 0.03# 0.01 0.88# 0.03# 0.01 39.2# 0.8# 1.3
4.6988 535.5 172.3# 2.7# 6.0 35.1# 0.3# 0.6 0.34# 0.07# 0.01 0.72# 0.06# 0.01 38.2# 1.4# 1.3
4.7397 163.9 123.5# 4.2# 5.0 28.2# 0.5# 0.6 0.49# 0.16# 0.03 0.61# 0.13# 0.02 31.4# 2.4# 1.3
4.7500 366.6 128.5# 2.8# 4.4 28.5# 0.3# 0.5 0.42# 0.10# 0.01 0.66# 0.08# 0.01 31.4# 1.6# 1.1
4.7805 511.5 124.0# 2.4# 4.2 27.2# 0.3# 0.5 0.17# 0.07# 0.01 0.88# 0.07# 0.01 28.2# 1.2# 1.0
4.8431 525.2 84.8# 2.0# 2.9 21.6# 0.3# 0.4 0.38# 0.10# 0.01 0.71# 0.09# 0.01 23.4# 1.3# 0.8
4.9180 207.8 98.1# 3.3# 3.5 22.4# 0.4# 0.4 0.62# 0.17# 0.01 0.52# 0.15# 0.01 25.3# 1.9# 0.9
4.9509 159.3 89.6# 3.6# 3.1 21.2# 0.4# 0.4 0.63# 0.21# 0.01 0.52# 0.18# 0.01 24.1# 2.2# 0.9
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to achieve a smooth cos θ-dependent correction. More
details of the parameterization of the ISR correction could
be found in [54].
Benefiting from the large ST yields [54] at each c.m.

energy, the ST sample is divided into 20 cos θ bins [60]. In
each bin, the ST yield is obtained via a fit to the
corresponding MBC spectrum. The one-dimensional bin-
by-bin efficiency and ISR corrections are successively
applied on these cos θ-dependent ST yields to obtain the
individual Born polar-angle distributions. Then the average
Born polar-angle distribution of Λþ

c is fitted with the
function fðcos θÞ ¼ N0ð1þ αΛc

cos2 θÞ, where N0 is pro-
portional to the average Born cross section, and the shape
parameter is defined as αΛc

¼ ð1 − κR2Þ=ð1þ κR2Þ with
R ¼ jGE=GMj [59]. The fit results are shown in [54]. The
obtained αΛc

and jGE=GMj are listed in Table I. The
modulus of the magnetic form factor is evaluated [54] as

jGMj2 ¼
2Nbin

σ0fISRfVPLintB
N0ð1þ αΛc

Þ; ð5Þ

where Nbin ¼ 20 and B is the average BF given previously.
The reliability of the method is validated by studying a ST
signal MC sample which is of a size 100 times larger than
that of data.
The systematic uncertainty of αΛc

, which propagates to
that of jGE=GMj and jGMj, is addressed source by source.
Using the tracking and PID efficiencies obtained from the
aforementioned control samples, εST in each cos θ bin is
corrected and αΛc

is reevaluated. The resulting differences,
which are typically less than 1.2% [61], are regarded as the
systematic uncertainties. The uncertainties of αΛc

arising
from the signal migration between different cos θ bins are
found to be smaller than 4.7%. Since the size of the ST
signal MC sample is limited, there is uncertainty in the
parameters of the empirical ISR correction function. These
parameters are changed by the size of the corresponding
uncertainty to estimate the systematic uncertainty of αΛc

,
for which 5.5% is obtained at most. The systematic
uncertainties due to the ΔE requirement, the MBC fit,
the MC modeling of the signal decay, the bin size, and fit
range of cos θ are negligible.
Table I lists the measured αΛc

, jGE=GMj, and jGMj,
where the systematic uncertainty of jGMj includes the
contributions from the uncertainties of the variables in the
denominator of Eq. (5). Figure 3 shows the resulting
jGE=GMj obtained in this work and the previous BESIII
measurement [32], where that at

ffiffiffi
s

p
¼ 4.5995 GeV is

updated [54] by imposing the ISR correction mentioned
in this Letter. The figure also illustrates a fit using a
function combining the monopole decrease with a damped
oscillation [21]:

jGE=GMjðsÞ ¼
1

1þ ω2=r0
½1þ r1e−r2ω sinðr3ωÞ&; ð6Þ

where ω ¼
ffiffiffi
s

p
− 2m and ri with i ¼ 0, 1, 2, 3 are free

parameters. The oscillation frequency is determined to be
r3 ¼ ð32' 1Þ GeV−1, which is about 3.5 times greater
than that measured for the proton [21].
In summary, the Born cross sections and polar angle

distributions of the process eþe− → Λþ
c Λ̄−

c are studied at
twelve c.m. energies from 4.6119 to 4.9509 GeV.
Benefiting from the large data samples, which enable ST
and DT approaches via the decay Λþ

c → pK−πþ, the cross
sections and effective form factors of Λþ

c are determined
with an unprecedented precision. From the threshold up to
4.66 GeV, our measured cross sections indicate no
enhancement around the Yð4630Þ resonance, which is
different from Belle [26]. In contrast to the case for the
proton and neutron, no oscillatory behavior is discerned in
the effective form-factor spectrum of Λþ

c . However, the
energy-dependence of jGE=GMj reveals an oscillation
feature with a significantly higher frequency than that of
the proton. Our data will serve as important inputs for
theoretical models concerning the internal structure and
production mechanism of baryons.
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of China under Contracts No. 2020YFA0406400,
No. 2020YFA0406300; National Natural Science
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No. 11635010, No. 11735014, No. 11835012,
No. 11935015, No. 11935016, No. 11935018,
No. 11961141012, No. 12022510, No. 12025502,
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FIG. 3. Measured jGE=GMj of the charmed baryon in the
eþe− → Λþ

c Λ̄−
c process, where the red dots denote the results of

this study. The red open circles indicate those of Ref. [32] where
that at

ffiffiffi
s

p
¼ 4.5995 GeV is updated [54] by imposing the ISR

correction mentioned in this Letter. The blue solid curve
represents a fit consisting of a damped oscillation (green dashed
line after a shift by 0.5 in jGE=GMj) on top of the monopole
decrease (red dash-dotted curve).
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Complete decomposition of  EMFFsΣ+

Using a fully differential angular description of the final state particles 


the relative magnitude and phase of  EMFFs can be extractedΣ+
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Complete decomposition of Σ+ EMFFs
• Using a fully differential angular description of the final state particles 
𝑒+𝑒− → Σ+ → 𝑝𝜋0 തΣ− (→ ҧ𝑝𝜋0) , the relative magnitude and phase of Σ+
EMFFs can be extracted:

8

• A nonzero relative phase leads to 
polarization 𝑃𝑦 of the out going baryons:

Complete decomposition of Σ+ EMFFs
• Using a fully differential angular description of the final state particles 
𝑒+𝑒− → Σ+ → 𝑝𝜋0 തΣ− (→ ҧ𝑝𝜋0) , the relative magnitude and phase of Σ+
EMFFs can be extracted:

8

• A nonzero relative phase leads to 
polarization 𝑃𝑦 of the out going baryons:

A nonzero relative phase leads to
polarization  of the outgoing baryonsPy

Complete decomposition of Σ+ EMFFs
• Using a fully differential angular description of the final state particles 
𝑒+𝑒− → Σ+ → 𝑝𝜋0 തΣ− (→ ҧ𝑝𝜋0) , the relative magnitude and phase of Σ+
EMFFs can be extracted:

8

• A nonzero relative phase leads to 
polarization 𝑃𝑦 of the out going baryons:

Py =
1 − α2 sin θ cos θ

1 + α cos2 θ
sin(ΔΦ)

e+e− → Σ+( → pπ0)Σ−( → pπ0)



Polarization is observed at √𝑠=2.396, 2.644 
and 2.90 GeV with a significance of 2.2𝜎, 
3.6𝜎 and 4.1𝜎


Relative phase is determined for the first 
time in a wide 𝑞2 range


|GE/GM| and ΔΦ line-shape is 
compared with  model [PRD 
103,014028 (2021)], different tendency 
in ΔΦ


ΔΦ evolution is an important input for 
understanding its asymptotic behavior 
and the dynamics of baryons

YY
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efficiency of each event. The normalization factor C is
given by C−1 ¼

R
Wðξ; α;ΔΦÞϵðξÞdξ and evaluated by the

PHSP signal MC sample. The parameters α and ΔΦ are
extracted by minimizing the likelihood function

S ¼ − lnLData þ lnLBkg; ð5Þ

where LData is the corresponding likelihood value of data
and LBkg represents the background, estimated with data
events in the background region indicated in Fig. 1 and
normalized to the signal region. The best fit results for α,
ΔΦ, and (or) sinðΔΦÞ are summarized in Table I, where
only sinðΔΦÞ can be extracted at 2.3960 GeV due to the
application of a single-tag method and the lack of sufficient
angular distribution information.
Furthermore, the nonzero ΔΦ will lead to a dependence

of the polarization on the scattering angle of the Σþ [32,51]:

Py ¼ −
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2

p
sin θΣþ cos θΣþ

1þ αcos2θΣþ
sinðΔΦÞ: ð6Þ

Experimentally, the Py is determined by

Py ¼
m
N

XNk

i¼1

ð3þ αÞðni1;y þ ni2;yÞ
ðα1 − α2Þð1þ αcos2θiΣþÞ

; ð7Þ

where N is the total number of events in the dataset and
m ¼ 8 is the number of bins in cos θΣþ ; Nk denotes
the number of events in the kth cos θΣþ bin; and n1;y (n2;y)

is the projection of a proton (antiproton) perpendicular to
the scattering plane in the rest frame of Σþ (Σ̄−). To test the
goodness of the fit results, the signal MC sample is
generated using Eqs. (1) and (3) and inputting the measured
parameters from the data. The angular-dependent trans-
verse polarization of Σ is obtained as shown in Fig. 2.
The sources of systematic uncertainties are summarized

in Table II. For the first four sources in Table II, uncer-
tainties are caused by the event selection and are evaluated
by varying the selection criteria. For the fifth to eighth
sources in Table II, the uncertainties from the fit procedure
are estimated with alternative fits by varying the signal
region, changing the sideband selections, and varying the
fixed decay parameters ðα1;α2Þ by %1σ, individually. The
maximum difference with the nominal value is taken as the
uncertainty. To estimate the systematic uncertainty of the fit
method, 500 sets of signal MC samples with the parameters
from Table I are generated and fitted to obtain the
distribution of the output parameters, and the difference
between the input and averaged output values is assigned as
the systematic uncertainty. Some inconsistencies between
the data and MC simulation are observed in the Mbc
distribution, as shown in Fig. 1(a). To estimate their effect
on the final results, the measurement of beam energy and
the calibration of the Σ̄− momentum are investigated. For
the Ebeam calibration, we generate three MC samples with

TABLE I. Fit results for α, ΔΦð°Þ, sinðΔΦÞ, and jGE=GMj at each energy point.

ffiffiffi
s

p
(GeV) 2.3960 2.6454 2.9000

α −0.47% 0.18% 0.09 0.41% 0.12% 0.06 0.35% 0.17% 0.15
ΔΦð°Þ −42% 22% 14 (−138% 22% 14) 55% 19% 14 78% 22% 9
sinΔΦ −0.67% 0.29% 0.18
jGE=GMj 1.69% 0.38% 0.20 0.72% 0.11% 0.06 0.85% 0.16% 0.15

(a) (b)

FIG. 2. The polarization Py as a function of the scattering angle
at 2.3960 GeV (a) and 2.6454 and 2.9000 GeV (b). The open
squares, solid squares, and dots are data. The histograms with
solid lines (dotted line at 2.6454 GeV) are signal MC samples
based on the fit results, and the histograms with the gray dashed
lines are the PHSP signal MC samples at each energy point.

TABLE II. The systematic uncertainties for α, ΔΦð°Þ, and
sinðΔΦÞ at each energy point (in GeV).

2.3960 2.6454 2.9000

Source α sinðΔΦÞ α ΔΦ α ΔΦ

ΔE cut 0.03 0.02
γγ mass window 0.04 0.06
χ22C cut 0.04 5 0.08 5
Σtag mass window 0.00 3 0.06 2
Signal region 0.05 0.16 0.04 9 0.05 4
Sideband region 0.02 0.06 0.02 9 0.09 5
α1 0.01 0 0.00 1
α2 0.00 0.01 0.01 0 0.00 1
Fit method 0.00 0.01 0.02 2 0.03 2
Ebeam calibration 0.03 0.00
Momentum calibration 0.04 0.01
Total 0.09 0.18 0.06 14 0.15 9

PHYSICAL REVIEW LETTERS 132, 081904 (2024)

081904-4

Complete decomposition of Σ+ EMFFs

• Polarization is observed at √𝑠=2.396, 
2.644 and 2.90 GeV with a significance of 
2.2𝜎, 3.6𝜎 and 4.1𝜎

• Relative phase is determined for the first 
time in a wide 𝑞2 range

• |GE/GM| and ΔΦ line-shape is 
compared with ത𝑌𝑌 model [PRD 103, 

014028 (2021)], different tendency in ΔΦ
• ΔΦ evolution is an important input 

for understanding its asymptotic 
behavior and the dynamics of 
baryons
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* ΔΦ / 180o – ΔΦ ambiguity 

Complete decomposition of  EMFFsΣ+
PRL 132, 081904 (2024)
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Test of Lepton Flavor Universality with 
D0 → K*(892)−μ+νμ

12

Semileptonic D decays provide a good opportunity to rigorously 
test the Standard Model through lepton flavor universality

 from PRD 99, 011103 (2019)B(D0 → K*(892)−e+νe)

PRL 134, 011803 (2025)

B(D0 → K*(892)−μ+νμ)
B(D0 → K*(892)−e+νe)

= 1.020 ± 0.030stat ± 0.028syst

deposited in the electromagnetic calorimeter (EMC). Based
on these measurements, we calculate the combined con-
fidence levels for positron (Le), muon (Lμ), pion (Lπ), and
kaon (LK) hypotheses for each charged track. The muon
candidate must satisfy Lμ > Lπ, Lμ > LK , Lμ > Le,
Lμ > 0.001, and EEMC ∈ ð0.10; 0.28Þ GeV, where EEMC

represents the energy deposition in the EMC. The two
requirements Lμ > Lπ and EEMC together suppress about
85% of background at the cost of 46% of signal. To
suppress backgrounds from hadronic D decays, the maxi-
mum energy of any photon that is not used in the SL
selection, Emax

extra γ, is required to be less than 0.25 GeV, and
the number of extra unused charged tracks, Nchar

extra, and extra
π0 from two unused photons, Nπ0

extra, must both be zero.
Here, the selection criteria for photon, charged tracks, and
π0 are consistent with Refs. [30,31].
The energy Emiss and momentum p⃗miss of the missing

neutrino are reconstructed using energy and momentum
conservation. They are calculated by Emiss ≡ Ebeam −P

j Ej and p⃗miss ≡ p⃗D0 −
P

j p⃗j in the initial eþe− rest
frame. The index j sums over the K−, π0, and μþ of the
signal candidate, and Ej and p⃗j are the energy and
momentum of the jth particle, respectively. The D0

momentum is given by p⃗D0 ≡ −p̂D̄0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam=c

2 −m2
D̄0c2

q
,

where p̂D̄0 is the momentum direction of the ST D̄0 and
mD̄0 is the known D̄0 mass [27]. The presence of the
undetected neutrino is inferred by using the variable Umiss
defined by

Umiss ≡ Emiss − jp⃗missjc: ð2Þ

The potential background from D0 → K−πþπ0 is sup-
pressed by the requirements of MK−π0μþ < 1.80 GeV=c2

and U0
miss > 0.04 GeV, where MK−π0μþ is the K−π0μþ in-

variant mass and U0
miss is defined U0

miss ≡ E0
miss − jp⃗0

missjc.
Here, E0

miss ≡ Ebeam −
P

j Ej and p⃗0
miss ≡ p⃗D0 −

P
j p⃗j,

and j only sums over the K− and μþ candidates of the
signal candidate. To suppress the background from
D0 → K−πþπ0π0, the opening angle between the missing
momentum and the most energetic unused shower when
found, θp⃗miss;γ, is required to satisfy cos θp⃗miss;γ < 0.48.
After imposing all above selection criteria, the resulting

Umiss distribution of the accepted candidates is exhibited in
Fig. 2. To obtain the signal yield, an unbinned maximum
likelihood fit to theUmiss distribution is performed. In the fit,
the signal is modeled by theMC-simulated shape convolved
with a Gaussian function with free parameters. The peaking
background from D0 → K−πþπ0 is fixed according to the
MC simulation and the yield of the dominant background
fromD0 → K−πþπ0π0 is floated. Both of these background
shapes are smeared with the sameGaussian function as used
for the signal. Other backgrounds, mainly from open charm

production and continuum qq̄, are evaluated using the MC
simulation. The number of DT events is found to be
NDT ¼ 6436% 119stat. The averaged detection efficiency
ϵ̄SL is estimated to be ð11.25% 0.02Þ%. The efficiency does
not include the BFs for K&ð892Þ− → K−π0 and π0 → γγ
[27]. Using Eq. (1), the corresponding BF is determined
as BðD0 → K−π0μþνμÞ ¼ ð0.733% 0.014statÞ%.
The systematic uncertainties in the BF measurement are

discussed below. The efficiencies of μþ and K− tracking,
PID, and π0 reconstruction are verified using eþe− →
γμþμ− events and DT DD̄ hadronic events, respectively.
We assign the uncertainties of μþ tracking (PID), K−

tracking (PID), and π0 reconstruction to be 0.1% (0.4%),
0.2% (0.1%), and 0.7%, respectively. The total uncertainty
associated with the Emax

extra γ , Nπ0
extra, and Nchar

extra requirements
are estimated to be 0.5% by using the control sample of
D0 → K−πþπ0. The efficiency of the U0

miss requirement is
very high and the uncertainty is thus negligible. The
uncertainty associated with the MK−π0μþ requirement is
estimated to be 0.6% by analyzing the DT events of
D0 → K−π0eþνe. The uncertainty associated with the
cos θp⃗miss;γ requirement is estimated to be 0.5% by analyzing
the DT sample D0 → K0

Sπ
−eþνe. The uncertainty associ-

ated with the fit to the Umiss distribution is estimated to be
0.7% by varying the signal shape, the combinational
background shape and the quoted BF of the fixed
K−πþπ0 peaking background by %1σ. The uncertainty
from the ST yield is determined to be 0.1% [33]. The
uncertainty related to the signal MC model is estimated to
be 0.5% by comparing the DT efficiencies with variations
in the input FF parameters by %1σ. The uncertainty due to
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FIG. 2. Fits to Umiss distributions of the candidate events for
D0 → K−π0μþνμ. Points with error bars represent data. The blue
solid curve denotes the total fit, and the violet solid curve shows
the signal process. Green short-dashed, black long-dashed, and
dash-dotted red curves are the background contributions from
D0 → K−πþπ0, D0 → K−πþπ0π0, and the other sources, respec-
tively. The pair of red arrows show the signal window of
jUmissj < 0.015 GeV used for the amplitude analysis.
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The systematic uncertainties of the fitted parameters and
the fractions of S wave and K!ð892Þ− components are
evaluated as the difference between the fit results in
nominal conditions and those obtained after changing a
variable or a condition by an amount corresponding to the
estimated uncertainty of that quantity. The systematic
uncertainties due to the background fraction and back-
ground shape requirements are estimated by varying the
background fraction fb by $1σ and varying the cross
section of the dominant background from eþe− → qq̄ [41],
respectively. The systematic uncertainties in the fixed
parameters of rð1ÞS , b1=2S;BG, and rBW are estimated by varying
their input values by $1σ [39]. The systematic uncertain-
ties in the fixed parameters of mV and mA are estimated by
varying their input values by $100 MeV=c2 [37]. To
estimate the systematic uncertainty of experimental effects
related to the reconstruction efficiency, the fit is performed
by varying the PID and tracking efficiencies according to
their uncertainties. These differences are assigned as the
systematic uncertainties and summarized in Table III,
where the total systematic uncertainties are obtained by
adding all contributions in quadrature.

In summary, the SL decay D0 → K−π0μþνμ is studied
for the first time using 7.93 fb−1 of data collected at

ffiffiffi
s

p
¼

3.773 GeV with the BESIII detector. Benefiting from the
much larger dataset compared to the previous experiment
[11], we perform the first amplitude analysis for the D0 →
K−π0μþνμ decay and observe an S-wave component with
a fraction fSwave ¼ ð5.76$ 0.35stat $ 0.29systÞ%, resul-
ting in B½D0 → ðK−π0ÞSwaveμþνμ( ¼ ð4.223$ 0.268stat$
0.222systÞ × 10−4. The dominant P-wave component is
observed with a fraction of fK!ð892Þ− ¼ ð94.24$ 0.35stat$
0.29systÞ%, leading to BðD0 → K!ð892Þ−μþνμÞ ¼
ð2.073$ 0.039stat $ 0.032systÞ% after considering
B½K!ð892Þ− → K−π0( ¼ 1=3 [27]. This result is consistent
with previous measurement [11] and has improved in
precision by a factor of 5 over the current world average
[27]. Benefiting from the improved precision, our result
disfavors the covariant quark model (CQM) and the
covariant confining quark model (CCQM) calculations
for the first time [6,18], while it supports the so-called chi-
ral unitary approach (χUA) and light-cone sum rules
(LCSR) calculations [7,16,17]. Combining with the

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

Source rV r2 rS mK!ð892Þ− Γ0
K!ð892Þ− a1=2S;BG fK!ð892Þ− fSwave

Background fraction 0.03 0.51 0.73 < 0.01 0.51 1.13 0.04 0.72
Background shape 0.06 0.13 0.04 < 0.01 0.06 0.06 0.04 0.12
rð1ÞS

0.17 0.11 4.14 0.01 0.32 1.06 0.26 4.28

b1=2S;BG
0.18 0.73 0.42 < 0.01 0.04 6.90 0.04 0.59

rBW 0.31 0.38 1.26 < 0.01 0.46 0.22 0.13 2.23
mV 1.13 0.05 0.05 0.01 0.01 0.09 0.01 0.13
mA 1.48 2.45 0.66 < 0.01 0.01 0.43 0.02 0.21
Experimental effects 0.61 0.57 0.49 < 0.01 0.11 0.08 0.04 0.56

Total 2.00 2.71 4.48 0.01 0.76 7.09 0.31 4.96

TABLE IV. Measured the BF and FF ratios of D0 → K!ð892Þ−μþνμ, and compared them with theoretical
calculations and previous measurements.

Theory B (%) rV r2

LCSR [7,16] 2.01þ0.09
−0.08 1.39 0.60

χUA [17] 1.98 ) ) ) ) ) )
CCQM [6] 2.80 1.22$ 0.24 0.92$ 0.18
CQM [8,18] 3.09 1.56 0.74
LFQM [9] ) ) ) 1.36 0.83
HMχT [10] ) ) ) 1.60 0.50

Experiments B (%) rV r2

BESIII [39] ) ) ) 1.46$ 0.07$ 0.02 0.67$ 0.06$ 0.01
FOCUS [11] 1.89$ 0.24 1.71$ 0.68$ 0.34 0.91$ 0.37$ 0.10
This Letter 2.073$ 0.039$ 0.032 1.37$ 0.09$ 0.03 0.76$ 0.06$ 0.02
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deposited in the electromagnetic calorimeter (EMC). Based
on these measurements, we calculate the combined con-
fidence levels for positron (Le), muon (Lμ), pion (Lπ), and
kaon (LK) hypotheses for each charged track. The muon
candidate must satisfy Lμ > Lπ, Lμ > LK , Lμ > Le,
Lμ > 0.001, and EEMC ∈ ð0.10; 0.28Þ GeV, where EEMC

represents the energy deposition in the EMC. The two
requirements Lμ > Lπ and EEMC together suppress about
85% of background at the cost of 46% of signal. To
suppress backgrounds from hadronic D decays, the maxi-
mum energy of any photon that is not used in the SL
selection, Emax

extra γ, is required to be less than 0.25 GeV, and
the number of extra unused charged tracks, Nchar

extra, and extra
π0 from two unused photons, Nπ0

extra, must both be zero.
Here, the selection criteria for photon, charged tracks, and
π0 are consistent with Refs. [30,31].
The energy Emiss and momentum p⃗miss of the missing

neutrino are reconstructed using energy and momentum
conservation. They are calculated by Emiss ≡ Ebeam −P

j Ej and p⃗miss ≡ p⃗D0 −
P

j p⃗j in the initial eþe− rest
frame. The index j sums over the K−, π0, and μþ of the
signal candidate, and Ej and p⃗j are the energy and
momentum of the jth particle, respectively. The D0

momentum is given by p⃗D0 ≡ −p̂D̄0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam=c

2 −m2
D̄0c2

q
,

where p̂D̄0 is the momentum direction of the ST D̄0 and
mD̄0 is the known D̄0 mass [27]. The presence of the
undetected neutrino is inferred by using the variable Umiss
defined by

Umiss ≡ Emiss − jp⃗missjc: ð2Þ

The potential background from D0 → K−πþπ0 is sup-
pressed by the requirements of MK−π0μþ < 1.80 GeV=c2

and U0
miss > 0.04 GeV, where MK−π0μþ is the K−π0μþ in-

variant mass and U0
miss is defined U0

miss ≡ E0
miss − jp⃗0

missjc.
Here, E0

miss ≡ Ebeam −
P

j Ej and p⃗0
miss ≡ p⃗D0 −

P
j p⃗j,

and j only sums over the K− and μþ candidates of the
signal candidate. To suppress the background from
D0 → K−πþπ0π0, the opening angle between the missing
momentum and the most energetic unused shower when
found, θp⃗miss;γ, is required to satisfy cos θp⃗miss;γ < 0.48.
After imposing all above selection criteria, the resulting

Umiss distribution of the accepted candidates is exhibited in
Fig. 2. To obtain the signal yield, an unbinned maximum
likelihood fit to theUmiss distribution is performed. In the fit,
the signal is modeled by theMC-simulated shape convolved
with a Gaussian function with free parameters. The peaking
background from D0 → K−πþπ0 is fixed according to the
MC simulation and the yield of the dominant background
fromD0 → K−πþπ0π0 is floated. Both of these background
shapes are smeared with the sameGaussian function as used
for the signal. Other backgrounds, mainly from open charm

production and continuum qq̄, are evaluated using the MC
simulation. The number of DT events is found to be
NDT ¼ 6436% 119stat. The averaged detection efficiency
ϵ̄SL is estimated to be ð11.25% 0.02Þ%. The efficiency does
not include the BFs for K&ð892Þ− → K−π0 and π0 → γγ
[27]. Using Eq. (1), the corresponding BF is determined
as BðD0 → K−π0μþνμÞ ¼ ð0.733% 0.014statÞ%.
The systematic uncertainties in the BF measurement are

discussed below. The efficiencies of μþ and K− tracking,
PID, and π0 reconstruction are verified using eþe− →
γμþμ− events and DT DD̄ hadronic events, respectively.
We assign the uncertainties of μþ tracking (PID), K−

tracking (PID), and π0 reconstruction to be 0.1% (0.4%),
0.2% (0.1%), and 0.7%, respectively. The total uncertainty
associated with the Emax

extra γ , Nπ0
extra, and Nchar

extra requirements
are estimated to be 0.5% by using the control sample of
D0 → K−πþπ0. The efficiency of the U0

miss requirement is
very high and the uncertainty is thus negligible. The
uncertainty associated with the MK−π0μþ requirement is
estimated to be 0.6% by analyzing the DT events of
D0 → K−π0eþνe. The uncertainty associated with the
cos θp⃗miss;γ requirement is estimated to be 0.5% by analyzing
the DT sample D0 → K0

Sπ
−eþνe. The uncertainty associ-

ated with the fit to the Umiss distribution is estimated to be
0.7% by varying the signal shape, the combinational
background shape and the quoted BF of the fixed
K−πþπ0 peaking background by %1σ. The uncertainty
from the ST yield is determined to be 0.1% [33]. The
uncertainty related to the signal MC model is estimated to
be 0.5% by comparing the DT efficiencies with variations
in the input FF parameters by %1σ. The uncertainty due to
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FIG. 2. Fits to Umiss distributions of the candidate events for
D0 → K−π0μþνμ. Points with error bars represent data. The blue
solid curve denotes the total fit, and the violet solid curve shows
the signal process. Green short-dashed, black long-dashed, and
dash-dotted red curves are the background contributions from
D0 → K−πþπ0, D0 → K−πþπ0π0, and the other sources, respec-
tively. The pair of red arrows show the signal window of
jUmissj < 0.015 GeV used for the amplitude analysis.
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characteristics was initially quite limited. The situation began to
change in 2014 when the BESIII experiment conducted the first mea-
surement of the absolute branching fractions (BFs) of theΛ+

c decays8–11

based on pair production of Λ+
c
!Λ
!
c just above the production energy

threshold. Since then, the two Cabibbo-favored semileptonic decays,
Λ+
c ! Λl + νl (l = e, μ), have been studied and their BFs are precisely

measured, as well as the hadronic transition form factors10,12–14 which
describe the strong interaction effects in the decays. In contrast,
another semileptonic decay, involving a neutron, Λ +

c ! nl + νl , repre-
senting a Cabibbo-suppressed transition (c → W+d) as shown in Fig. 1,
has not been yet observed. It is essentially certain to exist, and detailed
calculations have been made based on Lattice QCD (LQCD) and mas-
sive QCD-derived phenomenology models15–31. To test these predic-
tions in different models, experimental results on the decay
Λ+
c ! ne + νe are desired. In addition, by combining results on the

decaydynamicswith thepredictedhadronic transition formfactor, the
CKM matrix element ∣Vcd ∣ can be determined for the first time from
charmed baryon.

In practice, identifying the decay Λ+
c ! ne+ νe faces great chal-

lenges at BESIII32 or other similar particle physics experiments33–36,
because the neutralfinal state particles of the neutronandneutrino are
hard to detect instrumentally. Theseparticles cannot be reconstructed
at all in BESIII’smultilayer drift chamber, designed for charged particle
tracking. Moreover, the ability to separate the signal process is
strongly undermined due to the background process Λ+

c ! Λe+ νe,
whose BF is approximately ten times greater than that expected for
Λ+
c ! ne + νe. Here, the Λ baryon can decay subsequently into nπ0, and

the π0 further decays into two photons. The detector response for the
nπ0 particles in the background decay is very similar to that of the
single neutron in the signal process, except for subtle differences in
the pattern of deposited energy on the CsI(Tl) crystals of the electro-
magnetic calorimeter (EMC). Two extra photon showers are intro-
duced in the Λ → nπ0 background via the π0 → γγ decays. The neutron
showers, however, are more broadly dispersed than the photon
showers and this often leads to the neutron showers blending in with
photon showers or being mistaken for electronic noise, rendering the
signal neutron indiscernible from the Λ background. Figure 2 illus-
trates the shower patterns in the EMC for typical Λ+

c ! ne+ νe signal
events and Λ+

c ! Λð! nπ0Þe + νe background events. Consequently,
identifying signal events utilizing such patterns is almost impossible
for common data analysis techniques in particle physics, even with
most multivariate analysis tools37, such as boosted decision trees, not
to mention less powerful traditional selection-based methods.

In this work, we report the first observation of the semileptonic
decay Λ+

c ! ne + νe using e+e− collision data collected with the BESIII
detector, and the first measurement of the CKM matrix element ∣Vcd∣

via a charmed baryon decay. To overcome the difficulties of signal
identification and reconstruction, we resort to modern machine
learning techniques like deep neural networks38, which have exhibited
a powerful capability for learning relations and hidden patterns. A
novel data-drivenmethod is introduced for training and calibrating the
deep neural network, utilizing the unprecedented sample of 1010 J/ψ
events at BESIII39. This approach parallels recent advancements of jet
tagging in LHC experiments40,41, but at a new energy scale.

Results
Candidates selection
The BESIII experiment32 is an electron-positron collider dedicated to
study physics in the τ-charm energy region42, which is further descri-
bed in the Methods. Data analyzed in this work consist of e+e− collision
data taken at seven center-of-mass energies between 4.600 GeV and
4.699 GeV, corresponds to an integrated luminosity of 4.5 fb−1 43. At
these energy points, Λ+

c and !Λ
!
c baryons are always produced in pairs

without accompanyinghadrons. This pristineproduction environment
enables the utilization of a double-tag (DT) technique44, initially
reconstructing either a !Λ

!
c or Λ+

c baryon through its abundant hadro-
nic decays, followed by the search for the signal decay in its recoiling
partner. Consequently, the absolute signal BF can be accessed by

B Λ+
c ! ne+ νe

! "
=

NDT

NST $ ϵsig
, ð1Þ

whereNST is the number of events finding the tagged !Λ
!
c baryon,NDT is

the number of events finding both tagged !Λ
!
c and signal Λ+

c simulta-
neously, and ϵsig is the corresponding signal detection efficiency.
Throughout this Article, charge conjugation is implied by default
unless explicitly stated. The detailed event selection criteria is descri-
bed in the Methods, with the total number of tagged !Λ

!
c baryons

measured to be NST = 105, 506 ± 399.

Signal extraction via Graph Neural Network
In processing the collision data with deep learning, we convert the
deposited showers in EMC, not associated with any charged tracks or
the !Λ

!
c tag decay products, into a set of unordered nodes. Each node

carries the measurable features of the shower, such as spatial coordi-
nates, deposited energy, and the shower cluster profile. These nodes
are organized as locally connected graphs to feed into a graph neural
network (GNN) based on the ParticleNet architecture45 which performs
a binary classification between signal and background events.

A notable issue about the the (anti-)neutron is that its interaction
with the EMC involvemany complexmechanisms, such as annihilation,
scattering, fusion, and capture, which are still poorly understood in the
sub-GeV energy region46. As a consequence, computer-based Monte
Carlo (MC) simulations of these interactions are unreliable. Owing to
the unprecedented sample of 1010 J/ψ events collected at BESIII39, the
real (anti-)neutron interactions in the EMC crystals can be calibrated in
a data-driven approach, by selecting (anti-)neutron control samples of
high purity and large statistics from the processes like
J=ψ ! !pnπ + ðp!nπ!Þ. In this work, we establish a data-driven procedure
for training and calibrating the GNN model based on various neutron
and Λ control samples as follows. Note that, the two charge-conjugate
channels are separately processed due to the very different interac-
tions between neutrons and anti-neutrons with the detector material.

• Preparing the control samples. We select neutron and Λ control
samples from J=ψ ! !pπ + n and J=ψ ! !pK +Λ events, respectively,
in BESIII real data at J/ψ peak energy. After reconstructing the
final-state !p and π+ or K+, the control samples are purified by
requiring the recoil mass Mn (MΛ) to be within the neutron (Λ)
nominal mass region. The momentum range of the neutron (Λ) in
the control samples covers that in the decay of Λ+

c ! ne + νe
(Λ+

c ! Λe + νe). The training sample forGNN is a randomshuffleof

Fig. 1 | The leading-order Feynman diagram for β+ decay of the charmed heavy
baryon Λ +

c into a neutron (n), positron (e+), and electron neutrino (νe) via an
intermediate W+ boson.
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the background process Λ+
c ! Λe + νe is calculated to be (3.55 ± 0.14)%

from the simultaneousfit, consistentwith the previousmeasurement13.

Systematic uncertainties
Several sources of systematic uncertainty have been investigated and
the total contribution is 4.0% of the central BF value, as detailed in
the Methods. In particular, we study two issues related to the
robustness and reliability of the machine learning model: domain
shift and network uncertainty. Domain shift55 describes themismatch
between training samples and evaluation samples. In this work,
it refers to the potential difference of EMC shower profiles between
J/ψ and Λ+

c data sets, due to the kinematic phase space or other
underlying dependence. This deviation could bias the correction
to MC-derived GNN outputs using the J/ψ control sample, and
therefore the fit in Fig. 4. To evaluate this effect, we perform the ca-
libration procedure on another set of neutron and Λ control samples
based on different J/ψ processes J=ψ ! Σ + ð! nπ + Þ!Σ#ð! !pπ0Þ and

J=ψ ! Ξ+ ð! Λπ + Þ!Ξ#ð! !Λπ#Þ. As illustrated in Fig. 3c, f, the effects
of residual data-MC discrepancies for these control samples are
small, despite the shower distributions differing from the neutron
training sample in the J/ψ control sample and the Λ+

c data sets,
indicating the validity of our calibration method to the GNN model.
Network uncertainty describes the systematic effect on the choice of
the trained GNN model, which is estimated via the ensemble
method56 by combining the predictions of multiple different net-
works at inference.

Discussion
In conclusion, we report the first observation of a Cabibbo-
suppressed Λ+

c beta decay into a neutron, Λ+
c ! ne + νe, with a

statistical significance of more than 10σ, based on 4.5 fb−1 of
electron-positron annihilation data collected with the BESIII
detector in the energy region just above the Λ+

c
!Λ
#
c threshold. The

machine learning technique employed exhibits a great capability

Fig. 4 | The GNN output distributions in data. a Fit to the distribution in Λ+
c !

ne+ νe signal candidates. b Fit to the distribution in !Λ
#
c ! !ne#!νe signal candidates.

The error bars of data points are statistical only and represent one standard
deviation. The stacked histograms show the total fitting results. The orange

histograms represent the signal components, the light blue histograms represent
the Λ +

c ! Λe + νe or !Λ
#
c ! !Λe#!νe components, and the dark blue histograms

represent other Λ+
c or !Λ#

c decay components.

Fig. 3 | The inference, calibration andvalidationof theGNNmodel. a,dTheGNN
output distributions of J=ψ ! !pπ + n and J=ψ ! !pK +Λ control samples prior to the
MC corrections. b, e The normalized weight functions taken from the data-versus-

MC ratios. c, f The GNN output distributions of J=ψ ! Σ+ ð! nπ +Þ !Σ#ð! !pπ0Þ and
J=ψ ! Ξ + ð! Λπ +Þ !Ξ#ð! !Λπ#Þ control samples post the MC corrections. Uncer-
tainties on the data points are statistical only and represent one standarddeviation.
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for extracting small signals intermingled with very large and
similarly-behaved backgrounds in experimental high energy
physics; such a task is almost impossible with traditional
selection-based methods. Meanwhile, we develop a validation
pipeline to quantify and reduce systematic uncertainties asso-
ciated with the machine learning model, leveraging abundant J/ψ
control samples collected at BESIII. The absolute branching
fraction for the semileptonic decay Λ+

c ! ne + νe is measured to be

B Λ+
c ! ne+ νe

! "
= 0:357 ±0:034stat: ±0:014syst:

# $
%, ð2Þ

where the first uncertainty is statistical and the second is systematic.
Our result demonstrates a level of precision comparable to the LQCD
prediction23, and is consistent with it within one standard deviation.
The comparisons with other theoretical calculations16–31 are shown in
Fig. 5. The absence of detectors capable of accurately assessing neu-
tron energy and position restricted us to precisely measure the tran-
sition form factors, which is relevant to the momentum transfer
q2 = ðpΛ+

c
# pnÞ

2. Still, the measured absolute BF provides significant
insights, shedding light on the di-quark structure within the Λ+

c core
and the π − N clouds57 in the low q2 regime.

In addition, we present a measurement of the CKM matrix ele-
ment ∣Vcd ∣ using a novel decay mode. A recent LQCD calculation23

gives the q2-integrated partial width of Λ+
c ! ne + νe as

ΓðΛ+
c ! ne+ νeÞ= jVcd j

2ð0:405±0:016 ±0:020Þps#1, where the uncer-
tainties include statistical and systematic ones propagated from the
predicted form factors. Using current Λ+

c lifetime
τΛ +

c
= ð0:2032 ±0:0012Þps58, we extract the magnitude of ∣Vcd ∣ as

∣Vcd ∣=0:208±0:011exp: ±0:007LQCD ±0:001τΛ+
c
, ð3Þ

at a precision of 6% and consistent with the world average value
(0.221 ±0.004)3, which is determinedwith the charmedmeson (semi-)
leptonic decays and neutrino scattering. Future improvements on our
precision would rely on more statistics of Λ+

c data collected at BESIII,
as well as improved theoretical calculations of the involved form
factors.

Methods
Experimental apparatus
The BESIII detector32 records symmetric e+e− collisions provided by the
BEPCII storage ring59 in the center-of-mass energy (

ffiffiffi
s

p
) range from 2.0

to 4.95 GeV, with a peak luminosity of 1 × 1033 cm−2s−1 achieved atffiffiffi
s

p
=3:77 GeV. BESIII has collected large data samples in this energy
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Fig. 5 | Comparison of our BFmeasurement with the theoretical predictions in
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calculated as a sum in quadrature of the statistical and systematic uncertainties.
Note that some predictions do not report uncertainties.
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for extracting small signals intermingled with very large and
similarly-behaved backgrounds in experimental high energy
physics; such a task is almost impossible with traditional
selection-based methods. Meanwhile, we develop a validation
pipeline to quantify and reduce systematic uncertainties asso-
ciated with the machine learning model, leveraging abundant J/ψ
control samples collected at BESIII. The absolute branching
fraction for the semileptonic decay Λ+

c ! ne + νe is measured to be

B Λ+
c ! ne+ νe

! "
= 0:357 ±0:034stat: ±0:014syst:

# $
%, ð2Þ

where the first uncertainty is statistical and the second is systematic.
Our result demonstrates a level of precision comparable to the LQCD
prediction23, and is consistent with it within one standard deviation.
The comparisons with other theoretical calculations16–31 are shown in
Fig. 5. The absence of detectors capable of accurately assessing neu-
tron energy and position restricted us to precisely measure the tran-
sition form factors, which is relevant to the momentum transfer
q2 = ðpΛ+

c
# pnÞ

2. Still, the measured absolute BF provides significant
insights, shedding light on the di-quark structure within the Λ+

c core
and the π − N clouds57 in the low q2 regime.

In addition, we present a measurement of the CKM matrix ele-
ment ∣Vcd ∣ using a novel decay mode. A recent LQCD calculation23

gives the q2-integrated partial width of Λ+
c ! ne + νe as

ΓðΛ+
c ! ne+ νeÞ= jVcd j

2ð0:405±0:016 ±0:020Þps#1, where the uncer-
tainties include statistical and systematic ones propagated from the
predicted form factors. Using current Λ+

c lifetime
τΛ +

c
= ð0:2032 ±0:0012Þps58, we extract the magnitude of ∣Vcd ∣ as

∣Vcd ∣=0:208±0:011exp: ±0:007LQCD ±0:001τΛ+
c
, ð3Þ

at a precision of 6% and consistent with the world average value
(0.221 ±0.004)3, which is determinedwith the charmedmeson (semi-)
leptonic decays and neutrino scattering. Future improvements on our
precision would rely on more statistics of Λ+

c data collected at BESIII,
as well as improved theoretical calculations of the involved form
factors.
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first study of YN interaction using Ξ0-nucleus scattering
at BESIII, and Λ-nucleus scattering was measured in
Ref. [24]. Furthermore, utilizing the almost static protons
in the 1H of the cooling oil of the beam pipe, the
information on the interaction between (anti)hyperon and
proton can be directly extracted via (anti)hyperon-proton
scattering in this way.
In this analysis, simulated data samples are produced

with a GEANT4-based [25] Monte Carlo (MC) package,
which includes the geometric description of the BESIII
detector [20] and the detector response. They are used to
determine detection efficiencies and to estimate back-
grounds. The simulation models the beam energy spread
and initial state radiation (ISR) in the eþe− annihilations
with the generator KKMC [26]. The inclusive MC sample
includes both the production of the J=ψ resonance and the
continuum processes incorporated in KKMC [26]. All
particle decays are modeled with EVTGEN [27] using
branching fractions either taken from the Particle Data
Group (PDG) [1], where available, or otherwise estimated
with LUNDCHARM [28]. Final state radiation (FSR) from
charged final state particles is incorporated using the
PHOTOS package [29]. The signal process considered in
this analysis is J=ψ → ΛΛ̄ with either Λp → Λp or
Λ̄p → Λ̄p, Λ → pπ−, Λ̄ → p̄πþ. In the signal simulation,
the angular distribution of J=ψ → ΛΛ̄ is generated accord-
ing to the measurement in Ref. [30]. We simulate the
reactions Λp → Λp=Λ̄p → Λ̄p by taking the proton to be
at rest, and the hyperon angular distribution is generated
using an isotropic phase-space distribution to obtain the
angle dependent detection efficiency.

Charged tracks detected in the multilayer drift chamber
(MDC) are required to be within a polar angle (θ) range of
j cos θj < 0.93, where θ is the angle between the charged
track and the z axis, which is the symmetry axis of the
MDC. Particle identification for charged tracks combines
measurements of the energy loss (dE=dx) in the MDC and
the flight time in the time-of-flight system (TOF) to form
likelihoods LðhÞ (h ¼ p, K, π) for each hadron h hypoth-
esis. Tracks are identified as protons when the proton
hypothesis has the greatest likelihood [LðpÞ > LðπÞ and
LðpÞ > LðKÞ], while charged pions are identified by
comparing the likelihoods for the pion hypotheses,
[LðπÞ > LðKÞ and LðπÞ > LðpÞ].

Since the final states of the two reactions all contain
ppp̄πþπ−, candidate events must have five charged tracks,
and two p, one p̄, one πþ, and one π− are required to be
identified. For the decay Λ̄ → p̄πþ, we perform a vertex fit
to the p̄πþ combination, and the Λ̄ signal region is defined
as jMðp̄πþÞ −mΛ̄j < 0.003 GeV=c2, where mΛ̄ is the
nominal mass of the Λ̄. In this Letter, all nominal masses
are taken from PDG [1]. For the decay Λ → pπ−, we
perform the vertex fit by considering both pπ− combina-
tions. The pπ− combination with the smallest value of
jMðpπ−Þ −mΛj, where mΛ is the Λ nominal mass, is taken
as the Λ candidate. The Λ signal region is defined as
jMðpπ−Þ −mΛj < 0.003 GeV=c2. Finally, a vertex fit is
performed to the combination of the Λ=Λ̄ and the remain-
ing p for the reactions Λp → Λp=Λ̄p → Λ̄p.
To select the signal events of J=ψ → ΛΛ̄, the in-

variant mass recoiling against the Λ̄=Λ, MrecoilðΛ̄=ΛÞ, is
required to be in the Λ=Λ̄ signal region, defined as ½mΛ=Λ̄−
0.020; mΛ=Λ̄ þ 0.016& GeV=c2, where MrecoilðΛ̄=ΛÞ≡ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam − jp⃗Λ̄=Λcj2

q
=c2, Ebeam is the e' beam energy, and

p⃗Λ̄=Λ is themeasuredmomentumof the Λ̄=Λ candidate in the
eþe− rest frame. The main background is J=ψ → ΛΛ̄,
Λ → pπ−, Λ̄ → p̄πþ, where no scattering of Λ=Λ̄ with a
proton from the beam pipe occurred. To suppress this
background, the recoil mass of Λ̄pΛ=Λp̄,MrecoilðΛ̄pΛ=Λp̄Þ,
is obtained from the four-momenta of the initial eþe− system
and the Λ̄=Λ and pΛ=p̄ candidates, where pΛ is the proton
from Λ decays. MrecoilðΛ̄pΛ=Λp̄Þ should be around the
nominal π−=πþ mass for this background, so we require
MrecoilðΛ̄pΛ=Λp̄Þ < 0 GeV=c2 to remove these events. To
select those signal events that react with the cooling oil in the
beam pipe, the Rxy signal region is defined as [3.0, 3.5] cm,
taking into account the detector resolution, where Rxy is the
distance from the reconstructed Λp=Λ̄p vertex to the z axis.
To remove the events from the reactions between Λ=Λ̄ and
197Au=9Be=12C nuclei, we define the momentum of the
proton in the 1H of the cooling oil as PðpoilÞ≡ jP⃗Λ=Λ̄ þ
P⃗p − ðP⃗eþe− − P⃗Λ̄=ΛÞj, where P⃗ represents themomentumof
each particle in the lab frame. Because the proton in the 1H of

FIG. 1. Schematic diagram of the beam pipe, the length units
are centimeter (cm). The z axis is the symmetry axis of the MDC,
and the x axis is perpendicular to the eþe− beam direction.
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cross section distribution, which will be introduced later. B
is the product of the branching ratios of the intermediate
states, defined as B≡ BðΛ → pπ−ÞBðΛ̄ → p̄πþÞ, and Leff

is the effective luminosity of the reaction of the Λ=Λ̄ flux
produced from J=ψ → ΛΛ̄ with the target material:

Leff ¼
NJ=ψBJ=ψ

2þ 2
3α

Z
b

a

Z
π

0
ð1þαcos2θÞe−

x
sinθβγLNHdθdx: ð2Þ

In the integral of this formula, the angular distribution of
the Λ=Λ̄ flux, the attenuation of the Λ=Λ̄ flux, and
the number of target nuclei are considered. NJ=ψ is the
number of J=ψ events, BJ=ψ is the branching fraction of
J=ψ → ΛΛ̄, and α is the parameter of the angular distri-

bution of J=ψ → ΛΛ̄, βγ ≡ ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam −m2

Λ=Λ̄c
4

q
=mΛ=Λ̄c2Þ

is the ratio of the momentum to the mass of the Λ=Λ̄, and
L≡ cτ is the product of the speed of light and the mean
lifetime of the Λ=Λ̄ [1]. NH is the number of target nuclei
per unit volume, a and b are the distances from the
inner surface and outer surface of the cooling oil in the
beam pipe to the z axis, θ and x are the angle and distance to
the z axis, as shown in Fig. 1. The beam pipe can be
regarded as infinitely long with respect to the product of
βγL for Λ=Λ̄. The parameters are listed in Table II, and
the corresponding total elastic cross sections in −0.9 ≤
cos θΛ=Λ̄ ≤ 0.9 are measured to be σðΛp→ΛpÞ¼
ð12.2%1.6stat%1.1systÞ and σðΛ̄p→ Λ̄pÞ¼ð17.5%2.1stat%
1.6systÞmb at a Λ=Λ̄ momentum of 1.074 GeV=c within a
range of %0.017 GeV=c.
The differential cross sections for the reactions

Λp → Λp and Λ̄p → Λ̄p are calculated with

"
dσ
dΩ

#

i
¼ Nsig

i

ϵiBLeffΔΩ
; ð3Þ

where Nsig
i and ϵi are the number of signal events and

efficiency, i represents different cos θΛ=Λ̄ bins, and ΔΩ ¼
2πΔ cos θΛ=Λ̄ ¼ 0.4π represents the solid angle. The mea-
sured results are listed in Table I and shown in Fig. 3. We
can see there is a slight tendency of forward scattering for
Λp → Λp, while there is a strong forward peak for
Λ̄p → Λ̄p. The different behaviors indicate that the reac-
tion mechanisms of these two processes are different.
We also tested an extrapolation for the regions

of j cos θΛ=Λ̄j > 0.9 for the differential cross sections of
Λp → Λp and Λ̄p → Λ̄p to determine the total elastic
cross sections. For the reaction Λp → Λp, we assume the
differential cross sections in −1.0 < cos θΛ < −0.9 and
0.9 < cos θΛ < 1.0 to be the same as those in neighboring
bins. For the reaction Λ̄p → Λ̄p, the differential cross
section is fitted using a piecewise polynomial function,
which is a constant for cos θΛ̄ ≤ 0 and a third-order
polynomial function for cos θΛ̄ ≥ 0. The differential cross
section in the regions of j cos θΛ̄j > 0.9 is obtained accord-
ing to the fit function. Therefore, the total elastic cross

TABLE II. Input parameters for the cross section calculations.
The first value in brackets is for Λp → Λp, and the second is for
Λ̄p → Λ̄p.

Parameter Result

Nsig
Λp=Λ̄p

ð60.9% 7.8; 72.0% 8.5Þ
ϵΛp=Λ̄p ð15.29%; 12.55%Þ
B ð40.8321% 0.4518Þ% [1]
NJ=ψ ð10.087% 0.044Þ × 109 [21]
BJ=ψ ð0.189% 0.009Þ% [1]
α 0.475% 0.004 [30]
L ð7.89% 0.06Þ cm [1]
Ebeam 1.5485 GeV
mΛ=Λ̄ ð1.115683% 0.000006Þ GeV=c2 [1]
a 3.23 cm [20]
b 3.31 cm [20]
NH 7.35 × 1022 cm−3

FIG. 3. Differential cross sections of the reactions Λp → Λp
(top) and Λ̄p → Λ̄p (bottom) at the Λ=Λ̄ momentum of around
1.074 GeV=c.
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One of the main goals of nuclear physics is to understand
baryon-baryon interaction in a unified perspective. To
achieve this purpose, plentiful nucleon-nucleon (NN)
and antinucleon-nucleon (N̄N) scattering data have been
measured [1]. Therefore, the relevant theory of NN and N̄N
interactions is well established, and it can be tightly
constrained by experimental data. However, the under-
standing of hyperon-nucleon (YN) interaction has a large
uncertainty due to the lack of relevant measurements. The
YN interaction is studied mainly via three methods. The
first is to extract the YN correlation functions in heavy-ion
collisions [2–5], the second is to study hypernuclei [6–9],
and the third is to investigate YN scattering [10–12]. The
last method is the most direct way to study YN interaction,
but it is limited by the availability and short-lifetime
of hyperon beams, leading to a scarcity of YN scattering
data [1]. The study of YN interaction is also crucial to
determine the equation of state (EOS) of nuclear matter at
supersaturation densities and understand the so-called
“hyperon puzzle” of neutron stars (NS) [13–18]. To solve
these issues, more YN scattering data are desired to
constrain the calculations of YN interaction.

Compared to the YN scattering, the situation is even
worse for antihyperon-nucleon (ȲN) scattering. Until now,
no ȲN scattering data have been obtained due to the
absence effective antihyperon sources [1], which results in
the very limited related theoretical research. Therefore, the
realization of ȲN scattering measurements can fill this gap,
and new measurements will motivate more effort for the
understanding of the ȲN interaction. More importantly, ȲN
scattering data can further constrain the YN interaction
theory from another angle.
In this Letter, we present a study of the reactions

Λp → Λp and Λ̄p → Λ̄p, where Λ and Λ̄ are reconstructed
via the decays Λ → pπ− and Λ̄ → p̄πþ. The cross sections
and differential cross sections of the two reactions are all
measured. This is the first study of ȲN scattering.
The BESIII detector records symmetric eþe− collisions

at the BEPCII collider [19]. Details of the BESIII detector
can be found in Ref. [20]. The material of the beam pipe
is composed of gold (197Au), beryllium (9Be), and oil
ð12C∶1H ¼ 1∶2.13Þ, as shown in Fig. 1. With a sample of
ð10.087" 0.044Þ × 109 J=ψ events collected by the
BESIII detector [21], intense almost monoenergetic Λ=Λ̄
hyperons with a momentum of 1.074 GeV=c within a
range of "0.017 GeV=c can be produced via the decay
J=ψ → ΛΛ̄, the momentum spread is due to the small
horizontal crossing angle of "11 mrad for e" beams.
Afterwards the Λ=Λ̄ baryons can interact with the material
in the beam pipe. A similar idea was proposed forty
years ago using p̄p collisions at a LEAR experiment [22].
Especially, Ref. [23] has used this method to perform the

*Full author list given at the end of the Letter.
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is composed of gold (197Au), beryllium (9Be), and oil
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the cooling oil is practically static, while the proton in the
197Au=9Be=12C nuclei has Fermi momentum, the PðpoilÞ
should be around zero for signal processes but hundreds of
MeV=c for background processes. To remove these events,
the requirement PðpoilÞ < 0.04 GeV=c is applied.
For the signal reactions Λp → Λp and Λ̄p → Λ̄p pro-

duced from the decay J=ψ → ΛΛ̄, the center-of-mass
energies for the incident Λ=Λ̄ and a static p are all
2.243 GeV=c2 within a range of #0.005GeV=c2. Figure 2
shows theMðΛpÞ andMðΛ̄pÞ distributions from data after
the final event selection. Clear enhancements are seen
around 2.243 GeV=c2, corresponding to the reactions
Λp → Λp and Λ̄p → Λ̄p, respectively. A detailed study
of the J=ψ inclusive MC sample shows that there is no
peaking background in the signal region. To determine the
signal yield, an unbinned maximum likelihood fit is per-
formed to theMðΛpÞ distribution andMðΛ̄pÞ distribution,
respectively. We use the MC-determined shape convolved
with a free Gaussian function to describe the signal, where
the yield acts as a free fit parameter. The free Gaussian
function is used to describe the difference in the data and
signal MC resolutions. The background is described by a
uniform distribution with the number of events as free

parameter. The fit results are shown in Fig. 2. The signal
yields returned by the fits areNsig

Λp ¼ 60.9# 7.8 andNsig
Λ̄p ¼

72.0# 8.5 for the reactions Λp → Λp and Λ̄p → Λ̄p,
respectively, and the goodness of the fits for the two
reactions are χ2=ndf ¼ 4.8=4 ¼ 1.2 and 0.8=4 ¼ 0.2 with-
out considering empty bins.
To extract the differential cross sections for the two

reactions, we need the signal yields as a function of
cos θΛ=Λ̄, where θΛ=Λ̄ is the scattering angle of the scattered
Λ=Λ̄ in the Λp=Λ̄p rest frames with the z axis defined by
the incident Λ=Λ̄ momentum. Because the efficiency is
very low and it is hard to obtain accurate experimental
information near the regions cos θΛ=Λ̄ ¼ #1 due to the low
momentum of scattered Λ=Λ̄ or p, the measurements are
restricted to −0.9 ≤ cos θΛ=Λ̄ ≤ 0.9. To obtain the number
of signal events, we perform a simultaneous fit to the
MðΛpÞ and MðΛ̄pÞ distributions in nine different cos θΛ=Λ̄
regions, where the signal shape and background shape are
the same as mentioned above. The obtained number of
signal events in the nine cos θΛ=Λ̄ regions are summarized
in Table I. It is worth mentioning that no events survived in
the −1.0 < cos θΛ=Λ̄ < −0.9 and the 0.9 < cos θΛ=Λ̄ < 1.0
regions for data.
Using the same method as in Ref. [23], the cross sections

of the reactions Λp → Λp and Λ̄p → Λ̄p can be deter-
mined, the only difference is that we use the proton in the
1H of the cooling oil of the beam pipe as the target material.
The total elastic cross sections are calculated with

σðΛp → Λp=Λ̄p → Λ̄pÞ ¼
Nsig

Λp=Λ̄p

ϵΛp=Λ̄pBLeff
; ð1Þ

where ϵΛp=Λ̄p ¼ ½
P

i ϵiðdσ=dΩÞi=
P

iðdσ=dΩÞi& is the
weighted selection efficiency according to the differential

FIG. 2. Distributions of MðΛpÞ (top) and MðΛ̄pÞ (bottom) of
data (black dots with error bars) for the reactions Λp → Λp and
Λ̄p → Λ̄p, respectively. The red solid curve is the total fit result
and the blue dashed curve is the background component.

TABLE I. Relevant parameters for the differential cross sec-
tions, where cos θΛ=Λ̄ is the scattering angle, Nsig

i is the number of
signal events, ϵi is the efficiency, ðdσ=dΩÞ is the differential cross
section, and i represents the different cos θΛ=Λ̄ bins. The first
value in parentheses is for Λp → Λp, and the second for
Λ̄p → Λ̄p.

cos θΛ=Λ̄ Nsig
i ϵi (%) ðdσ=dΩÞ (mb=sr)

½−0.9;−0.7& ð5.0þ2.6
−1.9 ; 0.0

þ1.1
−0.0 Þ (6.94,4.93) ð1.7þ0.9

−0.7 ; 0.0
þ0.5
−0.0 Þ

ð−0.7;−0.5& ð1.0þ1.4
−0.7 ; 0.0

þ1.1
−0.0 Þ (14.13,10.44) ð0.2þ0.2

−0.1 ; 0.0
þ0.3
−0.0 Þ

ð−0.5;−0.3& ð1.0þ1.4
−0.7 ; 1.0

þ1.4
−0.7 Þ (17.32,13.27) ð0.2þ0.2

−0.1 ; 0.2
þ0.3
−0.1 Þ

ð−0.3;−0.1& ð11.0þ3.7
−3.0 ; 0.0

þ1.1
−0.0 Þ (17.74,14.66) ð1.5þ0.5

−0.4 ; 0.0
þ0.2
−0.0 Þ

ð−0.1; 0.1& ð6.9þ3.0
−2.3 ; 0.0

þ1.1
−0.0 Þ (19.11,15.79) ð0.9þ0.4

−0.3 ; 0.0
þ0.2
−0.0 Þ

(0.1, 0.3] ð5.0þ2.6
−1.9 ; 2.0

þ1.8
−1.1Þ (19.53,16.82) ð0.6þ0.3

−0.2 ; 0.3
þ0.3
−0.2 Þ

(0.3, 0.5] ð12.0þ3.8
−3.1 ; 7.0

þ3.0
−2.3 Þ (19.21,17.68) ð1.5þ0.5

−0.4 ; 1.0
þ0.4
−0.3 Þ

(0.5, 0.7] ð13.0þ3.9
−3.3 ; 25.0

þ5.3
−4.7 Þ (19.71,17.60) ð1.6þ0.5

−0.4 ; 3.4
þ0.7
−0.6 Þ

(0.7, 0.9] ð6.0þ2.8
−2.1 ; 37.0

þ6.4
−5.8 Þ (9.80,9.93) ð1.5þ0.7

−0.5 ; 9.0
þ1.6
−1.4 Þ
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and antinucleon-nucleon (N̄N) scattering data have been
measured [1]. Therefore, the relevant theory of NN and N̄N
interactions is well established, and it can be tightly
constrained by experimental data. However, the under-
standing of hyperon-nucleon (YN) interaction has a large
uncertainty due to the lack of relevant measurements. The
YN interaction is studied mainly via three methods. The
first is to extract the YN correlation functions in heavy-ion
collisions [2–5], the second is to study hypernuclei [6–9],
and the third is to investigate YN scattering [10–12]. The
last method is the most direct way to study YN interaction,
but it is limited by the availability and short-lifetime
of hyperon beams, leading to a scarcity of YN scattering
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supersaturation densities and understand the so-called
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Compared to the YN scattering, the situation is even
worse for antihyperon-nucleon (ȲN) scattering. Until now,
no ȲN scattering data have been obtained due to the
absence effective antihyperon sources [1], which results in
the very limited related theoretical research. Therefore, the
realization of ȲN scattering measurements can fill this gap,
and new measurements will motivate more effort for the
understanding of the ȲN interaction. More importantly, ȲN
scattering data can further constrain the YN interaction
theory from another angle.
In this Letter, we present a study of the reactions

Λp → Λp and Λ̄p → Λ̄p, where Λ and Λ̄ are reconstructed
via the decays Λ → pπ− and Λ̄ → p̄πþ. The cross sections
and differential cross sections of the two reactions are all
measured. This is the first study of ȲN scattering.
The BESIII detector records symmetric eþe− collisions

at the BEPCII collider [19]. Details of the BESIII detector
can be found in Ref. [20]. The material of the beam pipe
is composed of gold (197Au), beryllium (9Be), and oil
ð12C∶1H ¼ 1∶2.13Þ, as shown in Fig. 1. With a sample of
ð10.087" 0.044Þ × 109 J=ψ events collected by the
BESIII detector [21], intense almost monoenergetic Λ=Λ̄
hyperons with a momentum of 1.074 GeV=c within a
range of "0.017 GeV=c can be produced via the decay
J=ψ → ΛΛ̄, the momentum spread is due to the small
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in the beam pipe. A similar idea was proposed forty
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Manifestly exotic 
Quark contents more than qq or qqq 

Quantum number JPC not reachable  
for ordinary mesons or baryons JPC = 0+−, 1−+, 2+−


Cryptoexotic exotic 
Overpopulation of states 

Mass/width not fitting in spectra

Production and/or decay patterns incompatible 
with standard mesons/baryons


Kinematic effects

https://qwg.ph.nat.tum.de/exoticshub/

Hadron spectroscopy
• How does QCD give rise to hadrons?

• Quark model seems to work really well. Why?

• Key to access the effective degree of freedom of QCD
• Strong evidences for multi-quark in heavy quark sector

• Evidence for gluonic excitations remains sparse

15

Phys.Rept. 873 (2020) 1https://qwg.ph.nat.tum.de/exoticshub/

Manifestly exotic: with forbidden QN
Flavor exotic: 𝑍𝑐, 𝑇𝑐𝑐, 𝑇𝜓𝜓 ……
Spin exotic: 𝐉𝐏𝐂 = 𝟎−−, 𝐞𝐯𝐞𝐧+−, 𝐨𝐝𝐝−+

Crypto exotic: with QN as 𝐪ഥ𝐪
Supernumerary states - -> glueball
Abnormal properties

+ Kinematic effects 

Physical meson
A linear superposition of all allowed 
color-singlet configurations

Identification of exotics 
is challenging

QCD exotics

Physical meson: a 
linear superposition of 
all allowed color-singlet 
configurations



NEW HADRONS DISCOVERED AT BESIII
UPDATED JUNE 2024
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states with exotic flavor combinations 
state consistent with a conventional  
states produced directly in   
new light states decaying into mesons 
new light baryon states  
state with exotic 

cc
e+e−

JPC



Observation of Exotic Isoscalar State 
 in η1(1855) J/ψ → γηη′ 

PWA of J/𝜓→γηη’ using 10 Billion of J/𝜓 data @ BESIII


η→γγ and η’→γπ+π−/ ηπ+π−


Only isovector candidate observed: π1(1400), π1(1600), π1(2015) 


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


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

22

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
*

Observation of Exotic Isoscalar State η1(1855) in J/!→γηη’
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X(2370): Glueball-like particle in J/ψ → γK0
SK0

Sη′ 

PWA using 10 Billion of J/𝜓 data @ BESIII


Minimal background contribution:  
and  since they are forbidden by 
exchange symmetry and CP conservation





Strong enhancement near  mass threshold 
from f0(980) 

Clear connection between f0(980) and the structure 
around 2.4 GeV 


 < 1.1GeV to select the f0(980) 

J/ψ → π0K0
SK0

Sη′ 

J/ψ → K0
SK0

Sη′ 

η′ → γπ+π−/ηπ+π−; K0
S → π+π−

K0
SK0

S

M(K0
SK0

S)

23

PRL 132, 181901 (2024) 

X(2370): Glueball-like particle in 
J/!→γKS

0KS
0η’ 

16

NEW BESIII Highlight!!!

Ø Minimal background contribution: 
J/!→π0KS

0KS
0η’ and 

J/!→KS0KS0η’ since they are 
forbidden by exchange symmetry 
and CP conservation

Ø η’→γπ+π−/ηπ+π−; KS0 →π+π−

PWA using 10 Billion of J/! data 
@ BESIII

• Strong enhancement near K0SK0S 
mass threshold from f0(980)

• Clear connection between f0(980) 
and the structure around 2.4 GeV

• M(K0
SK0

S) <1.1GeV to select the 
f0(980) 

Isabella Garzia – QCD@WORK 2024–  June 19, 2024 

PRL 132, 181901 (2024)



X(2370): Glueball-like particle in J/ψ → γK0
SK0

Sη′ 
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PRL 132, 181901 (2024)

X(2370): Glueball-like particle in 
J/!→γKS

0KS
0η’ 

17

NEW BESIII Highlight!!! PRL 132, 181901 (2024) 

• Best fit can well describe the data including resonances 
X(1835), X(2370, X(2800), ηc

• Spin parity of X(2370) is determined to be 0−+ for the 
first time with significance greater than 10σ 

• X(2800): broad structure to describe the effective 
contributions from possible high mass resonances 
(X(2600)) and the tail of the ηc line shape

Good agreement with 
LQCD prediction of 
lightest pseudoscalar 

glueball
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Charmonium-like states

Conventional  mesons fit well with potential 
model


Abundance of new states with various probes


b-hadron decays


hadron/heavy-ion collisions


 processes


e+e- collisions


BESIII dominant production: vectors and 
state produced from vector decays

cc

γγ

25

Charmonium-like states

• Conventional cതc meson fit well with 
potential model

• Abundance of new states with various 
probes
• 𝑏-hadron decays 
• hadron/heavy-ion collisions
• 𝛾𝛾 processes
• 𝑒+𝑒− collisions

• BESIII: dominant for vectors and
states produced from vector decays

16arXiv:2203.08290



Observations of new vectors structures
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FIG. 3. Cross sections of (a) e+e� ! D+

s Ds1(2536)
� with

Ds1(2536)
� ! D̄⇤0K� and (b) e+e� ! D+

s D
⇤
s2(2573)

� with
D⇤

s2(2573)
� ! D̄0K�. The black dots, red squares, and green

triangles with error bars are measured exclusive cross sec-
tions, inclusive cross section from likelihood fit multiplied by
the absolute branching fraction, and measured inclusive cross
section multiplied by the absolute branching fraction, respec-
tively. The red, black, and green solid lines are results of total
fit, BW0, and BW1, respectively. The uncertainties are sta-
tistical only.

Using the data at the six energy points with both inclu-
sive and exclusive cross sections measured, we determine
the absolute branching fractions of the Ds1(2536)� !
D̄⇤0K� and D⇤

s2(2573)
� ! D̄0K� with a likelihood fit

that maximizes the likelihood function,

Li(�
inc

i,j , �
inc

i,j ,�
exc

i,j , �
exc

i,j ;�i,j ,Bi) =

6Y

j=1

Linc

i,j (�
inc

i,j , �
inc

i,j ;�i,j)L
exc

i,j (�
exc

i,j , �
exc

i,j ;�i,j ,Bi),
(3)

where �inci,j and �exci,j are the statistical uncertainties of
the measured inclusive and exclusive cross sections, re-
spectively; �i,j is the actual cross section of e+e� !
D+

s Ds1(2536)� or e+e� ! D+
s D

⇤
s2(2573)

�; and Bi is the
absolute branching fraction of Ds1(2536)� ! D̄⇤0K�

(i = 1) or D⇤
s2(2573)

� ! D̄0K� (i = 2). Since
the significances for e+e� ! D+

s Ds1(2536)� (e+e� !
D+

s D
⇤
s2(2573)

�) at
p
s = 4.66 (4.66 and 4.7) GeV in

both inclusive and exclusive measurements are less than
5�, Linc,exc

i,j at that energy point is a normalized like-

lihood as a function of �inc,exc
i,j which is obtained from

the signal yield fits. The likelihood Linc,exc
i,j for the other

samples with su�ciently high statistics is approximated
as a Gaussian function, and details are described in the
supplemental material. Figures 4(a) and 4(b) show the
fit results of the absolute branching fractions, which are
(35.9 ± 4.8)% and (37.4 ± 3.1)% for B(Ds1(2536)� !
D̄⇤0K�) and B(D⇤

s2(2573)
� ! D̄0K�), respectively.

To study the resonance structures in the e+e� !
D+

s Ds1(2536)� and e+e� ! D+
s D

⇤
s2(2573)

� process-
es, least-�2 fits to the measured cross sections are per-
formed. The cross sections are described with the coher-
ent sum of two constant-width Breit-Wigner (BW ) func-
tions. The fit results are shown in Figs. 3(a) and 3(b)
with �2/ndf = 4.0/8 and 6.2/7, respectively, where ndf
is the number of degrees of freedom, and the fit details
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FIG. 4. The absolute branching fractions of (a)
Ds1(2536)

� ! D̄⇤0K� and (b) D⇤
s2(2573)

� ! D̄0K�. The
black dots with error bars are absolute branching fractions
calculated at each

p
s, where Bi,j = �exc

i,j /�
inc

i,j . The red lines
represent results calculated by the maximum likelihood fit.
The uncertainties are statistical only and are shown with the
red shaded bands.

are described in the supplemental material. By compar-
ing ��2 of the fits with and without the corresponding
component and accounting for �ndf, the significance is
determined. The statistical significances of the first and
second resonance structures are 7.2� and 4.3�, respec-
tively, in e+e� ! D+

s Ds1(2536)�, and 15� and 2.7�,
respectively, in e+e� ! D+

s D
⇤
s2(2573)

�. In both pro-
cesses, the first resonance structure is around 4.6 GeV
with a width of 50 MeV. In e+e� ! D+

s Ds1(2536)�,
the second one is around 4.75 GeV with a width of 25
MeV, and in e+e� ! D+

s D
⇤
s2(2573)

�, around 4.72 GeV
with a width of 50 MeV. Continuum contributions are
also tested, but the significances are less than 1� in both
processes.

The systematic uncertainties for the measurements of
absolute branching fractions related to fits, including sig-
nal and background descriptions and fit ranges in the fits
of inclusive and exclusive analyses, are described in the
supplemental material. The other systematic uncertain-
ties are introduced below.

The systematic uncertainties from the mass window
requirement of M(D+

s ) (RM(D+
s K

�)) are estimated by
comparing the e�ciency di↵erence between data and MC
simulation [35] as 3.4% and 5.5% (4.3% and 4.3%), for
Ds1(2536)� ! D̄⇤0K� and D⇤

s2(2573)
� ! D̄0K�, re-

spectively.

The systematic uncertainties from tracking (particle
identification, PID) e�ciencies for K± and ⇡+ from D+

s

are taken as 0.5% (0.5%) and 0.2% (0.4%), respective-
ly [36]. The systematic uncertainty from K0

S reconstruc-
tion is assigned as 2.3% [37]. Most of these uncertain-
ties cancel in the D+

s reconstruction as they appear in
both inclusive and exclusive processes. Only those un-
certainties not common between the two are considered,
and the systematic uncertainties from D+

s ! K�K+⇡+

and D+
s ! K0

SK
+ are added according to their branch-

ing fractions. Since the momentum of the bachelor
K� that does not come from D+

s decays in the exclu-
sive analysis is very low, the systematic uncertainties of

arXiv:2407.07651PRL131, 211902 (2023)

Observations of new vectors: Y(4500), Y(4710) and Y(4790)
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CPC 46, 111002 (2022)
PRL131, 211902 (2023) PRL131, 151903 (2023) arXiv:2407.07651

PRL 132, 161901 (2024)

Y(4230)

Y(4500)?

Y(4500)
Y(4660)

PRL130, 121901 (2023)

Tension between direct (BESIII)
and ISR(Belle) measurements

[𝑐𝑠 ҧ𝑐 ҧ𝑠] states?
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How many vectors in charmonium energy region?

19

Between 3 and 5 GeV:
6 well known ψ peaks +

8 new structures

Y(4230), Y(4320),
Y(4360), Y(4390)

Y(4660), Y(4710), 
Y(4790)

Y(4500)

Besides cതc states, we also expect gcതc hybrids, and 
cതcqതq tetraquark states. Have they already been observed?
→ More theoretical/experimental efforts necessary

Measurements at BESIII

HOW MANY VECTORS IN CHARMONIUM ENERGY REGION?
27



BESIII UPGRADE

28



The BESIII upgrade program: physics

Upgrade of the C.M. energy to 4.95 GeV, then up to 5.6 GeV


Measurements of the cross sections near threshold to provide insight of the vacuum productions of 
¯ and  pairs


Study the EM structure of charmed baryons


Studies of the absolute BFs of  and 

cc ss

Σc Ξc

29







 and 

e+e− → ΣcΛ−
c π

e+e− → ΣcΣc

e+e− → Λ+
c Λ−

c e+e− → ΞcΞc

more at arXiv:1912.05983v3



The BESIII upgrade program: machine

BEPCII upgrade aims at increasing luminosity by a factor of 3 & increasing beam energy to 2.8 GeV


Key technologies: double beam power & optics upgrade & new high gradient of magnets

30



The BESIII upgrade program: CGEM
3 layers of cylindrical triple-GEM detectors to 
replace the inner MDC


Improve rate capability, aging and secondary 
vertex reconstruction


While retaining the current momentum and 
tracking performance (  @ 1 GeV)σp/p ∼ 0.5 %

31

Main System Requirements


Angular coverage: 93%


Low material budget (~0.5% of X0 per layer —> 1.5% of X0 in total)


High azimuthal spatial resolution —> 130-150 m with charge and time readout


Substantial improvements in rad hard and secondary vertex reconstruction (~300 m in z)

μ

μ



Impact on vertex reconstruction
Expected impact on vertex reconstruction


Better separation for complex topologies 
and improvements on secondary 
vertexes, both crucial for charmed baryon 
decays

32

decay topology example



INSTALLATION OF THE CGEM DETECTOR
33



DETECTOR CABLING
34



Summary and outlook
A selection of recent BESIII results on hadron physics has been presented


Baryon Form Factor in the timelike region can be studied with great precision


First observation of a rare beta decay of the charmed baryon with GNN


(Anti)Hyperon-nucleon scattering campaign has started


Primary role in hadron spectroscopy continues


BESIII will continue taking data until the end of the decade


An important upgrade program is ongoing to provide  more and better data

35



THANKS FOR YOUR ATTENTION
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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

7

Hunting for glueballs and new form of hadrons

Glueballs and hybrids are 
expected to have a larger 
yield compared to mesons

Isabella Garzia – QCD@WORK 2024–  June 19, 2024 

GLUON RICH STATES
37



New insight on X(3872): line shape

38

BESIII PRL 132, 151903 (2024)

New insight on X(3872): line shape @BESIII

17

𝐞+𝐞− → 𝛄𝐗 𝟑𝟖𝟕𝟐 , 𝐗 𝟑𝟖𝟕𝟐 → 𝐃𝟎ഥ𝐃𝟎𝛑𝟎 𝐚𝐧𝐝 𝛑+𝛑−𝐉/𝛙

Weinberg’s compositeness:  𝑍=1: pure elementary state;  𝑍=0: pure bound (composite) state

BESIII PRL 132, 151903 (2024)

maybe as backup or bonus track



Observations of new vector structures  
in  and D+

s Ds1(2536)− D+
s D*s2(2573)−

To study of the decay and 
production properties of 
Ds1(2536) and D*s2(2573)

39

arXiv:2407.07651

6

mD+
s
[31] using a one-constraint kinematic fit to improve

the resolution of the D+
s recoiling mass, RM(D+

s ).
The yields of Ds1(2536)� and D⇤

s2(2573)
� events are

determined by a two-dimensional (2D) extended un-
binned likelihood fit to M(K�K+⇡+) versus RM(D+

s ).
Distributions of RM(D+

s ) versus M(K�K+⇡+) from
data and the projection of the 2D fit in RM(D+

s ) atp
s = 4.680 GeV are shown in Figs. 1(a) and 1(b), re-

spectively. The details of the fit methods in inclusive
and exclusive measurements and numerical results of the
cross section calculation are described in the supplemen-
tal material. The cross sections are calculated with

�inc

i,j =
N inc

i,j

1

|1�⇧|2 (1 + �)i,j✏
inc

i,j BK�K+⇡+L
, (1)

where BK�K+⇡+ is the branching fraction of D+
s !

K�K+⇡+ [31], N inc

i,j is the number of signal events ob-
tained from the 2D fit, (1 + �)i,j is the ISR correction
factor obtained from MC simulation, and ✏inci,j is the de-
tection e�ciency for e+e� ! D+

s Ds1(2536)� (i = 1) or
e+e� ! D+

s D
⇤
s2(2573)

� (i = 2) in the inclusive cross

section measurement at the jth
p
s;

1

|1�⇧|2 and L are

the vacuum polarization factor and integrated luminosity
at the corresponding

p
s, respectively.
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FIG. 1. Distribution of (a) RM(D+

s ) versus M(K�K+⇡+)
from data and (b) projection of the 2D fit in RM(D+

s ) in
the inclusive analysis at

p
s = 4.680 GeV. Here, the dots

with error bars are data, the gray histogram is background
from processes involving an excited Ds or D meson, the red
dashed line is an ARGUS function [32], the blue solid line
is the total fit, and the red solid, green dashed, and purple
dash-dotted lines are MC shapes of Ds1(2460)

�, Ds1(2536)
�,

and D⇤
s2(2573)

� signals, respectively.

In the exclusive measurement, a D+
s is reconstructed

with the decay of D+
s ! K�K+⇡+ or D+

s ! K0

S(!
⇡+⇡�)K+ and a K� is selected from the charged tracks
not forming the D+

s . The selection criteria for K0

S are
described in Refs. [29, 30]. The tracks used to recon-
struct D+

s , including the virtual track of K0

S from a
secondary vertex fit [30], are also required to originate
from a common vertex with �2

VF
< 100. In addition

to the selection criteria used in the inclusive analysis,
the invariant mass of K�K+⇡+ or K0

SK
+ (M(K0

SK
+))

must satisfy |M(K�K+⇡+/K0

SK
+)�mD+

s
| < 8 MeV/c2.

To select D⇤
s2(2573)

� ! D̄0K� and Ds1(2536)� !
D̄⇤0K�, the recoiling mass of D+

s K
� (RM(D+

s K
�))

must satisfy the following requirements: for the e+e� !
D+

s Ds1(2536)� process, |RM(D+
s K

�)�mD̄⇤0 | should be
less than 9 MeV/c2 for D+

s ! K�K+⇡+ and 7 MeV/c2

for D+
s ! K0

SK
+; for the e+e� ! D+

s D
⇤
s2(2573)

�

process, |RM(D+
s K

�) � mD̄0 | should be less than
11 MeV/c2 for D+

s ! K�K+⇡+ and 9 MeV/c2 for
D+

s ! K0

SK
+. Here, mD̄⇤0 and mD̄0 are the known

D̄⇤0 and D̄0 masses, respectively [31]. For the select-
ed entries, M(K�K+⇡+/K0

SK
+) is constrained to mD+

s
,

RM(D+
s K

�) is constrained to mD̄0 or mD̄⇤0 , and the to-
tal four-momentum is constrained to that of the initial
e+e� system via a kinematic fit.
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p
s � 4.6 GeV, the yields

of Ds1(2536)� and D⇤
s2(2573)
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ing RM(D+
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s < 4.6 GeV, due to the low number of events, the
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s ) for Ds1(2536)� and D⇤
s2(2573)

�

at
p
s = 4.680 GeV are shown in Figs. 2(a) and 2(b),

respectively. The cross sections are calculated with

�exc

i,j =
N exc

i,j

1

|1�⇧|2 (1 + �)i,j(✏B)i,jL
, (2)

where N exc
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from the fit and (✏B)i,j = (✏excK�K+⇡+,i,jBK�K+⇡+ +

✏excK0
SK+,i,jBK0

SK+). Here, BK0
SK+ = B(D+

s !
K0

SK
+)B(K0

S ! ⇡+⇡�) [31] is the product of the branch-
ing fractions of D+
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S ! ⇡+⇡�,
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s Ds1(2536)� and e+e� !
D+
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⇤
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FIG. 2. Fit results of RM(D+

s ) for (a) Ds1(2536)
� and

(b) D⇤
s2(2573)

� in the exclusive analysis at
p
s = 4.680 GeV.

Here, the dots with error bars are data, the blue, red, and
green solid lines are the total fit, signal shape, and background
shape, respectively.
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this K� are estimated with a control sample of J/ !
pK�⇤ [38] as 1.2% and 0.0% for Ds1(2536)� ! D̄⇤0K�

and D⇤
s2(2573)

� ! D̄0K�, respectively.
The uncertainties of B(D+

s ! K�K+⇡+) and
B(D+

s ! K0

SK
+) are 1.9% and 2.4% [31], respectively.

The systematic uncertainty from B(D+
s ! K�K+⇡+)

cancels out in the calculation of the absolute branching
fractions, but does not cancel in the exclusive cross sec-
tion measurements.
The fractions of the S-wave and D-wave of the

Ds1(2536)� ! D̄⇤0K� decay are changed by one stan-
dard deviation, and the systematic uncertainty is esti-
mated by the maximum change at

p
s = 4.680 GeV on

the exclusive cross section as 0.2%.
The total systematic uncertainties are 9.7% and 12.4%

for the two processes, respectively, by assuming all
sources to be independent and summing them in quadra-
ture.
Most systematic uncertainty estimations for the ex-

clusive cross section measurements are the same as
those described for the absolute branching fraction mea-
surements, including the mass window requirements,
B(D+

s ! K�K+⇡+) and B(D+
s ! K0

SK
+), the frac-

tion of the S-wave and D-wave in the Ds1(2536)� !
D̄⇤0K� decay, and tracking and PID e�ciencies, where
1.9% is assigned for tracks from D+

s for both process-
es. Systematic uncertainties related to the fit, including
the fit range and background shape, are described in the
supplemental material. Additional sources of systematic
uncertainties unique to the exclusive cross section mea-
surement are described below.
The angular distribution of e+e� ! D+

s Ds1(2536)� is
described by 1 + ↵cos2✓ with the AngSam model. To
estimate the systematic uncertainty from this model, ↵
is changed by one standard deviation and the maximum
change at

p
s =4.680 GeV is taken as the uncertainty

of 3.3%. The ISR correction factor and e�ciency of the
signal process depend on the input cross section in kkmc.
We sample the input cross section 500 times at each

p
s

according to its statistical uncertainty, and take the ratio
of the standard deviation and the mean value of ✏(1 + �)
as the systematic uncertainty. The uncertainty from the
luminosity measurement is 1% [21, 22].
The systematic uncertainties introduced above, as well

as the total ones are shown in Tables I and II. Tables
with all systematic uncertainties are provided in the sup-
plemental material. The systematic uncertainties of the
data sample at

p
s = 4.600 GeV are assigned to those of

the data samples at
p
s = 4.530 and 4.575 GeV because

of low statistics.
In summary, we measure for the first time the abso-

lute branching fractions of Ds1(2536)� ! D̄⇤0K� and
D⇤

s2(2573)
� ! D̄0K� as (35.9± 4.8± 3.5)% and (37.4±

3.1±4.6)%, respectively, where the first uncertainties are
statistical and the second systematic. Assuming isospin
symmetry and neglecting the phase space di↵erences, we

obtain B(Ds1(2536)� ! (D̄⇤K̄)�) = (71.8± 9.6± 7.0)%
and B(D⇤

s2(2573)
� ! (D̄K̄)�) = (74.8 ± 6.2 ± 9.2)%.

B(Ds1(2536)� ! (D̄⇤K̄)�) (B(D⇤
s2(2573)

� ! (D̄K̄)�))
is more than two (one) standard deviations from the pre-
diction of Refs. [1, 40], about 100% (90%), if Ds1(2536)
(D⇤

s2(2573)) is predominantely a bare cs̄ meson. Our
measurements indicate that non-cs̄ components may ex-
ist in the Ds1(2536) and D⇤

s2(2573) wave functions. The
exclusive cross sections of e+e� ! D+

s Ds1(2536)� with
Ds1(2536)� ! D̄⇤0K� and e+e� ! D+

s D
⇤
s2(2573)

�

with D⇤
s2(2573)

� ! D̄0K� are also reported in this
Letter. A resonant structure at around 4.6 GeV is ob-
served for the first time in e+e� ! D+

s D
⇤
s2(2573)

�,
which is consistent with the evidence for the Y (4620)
with the same final state reported by the Belle collabo-
ration [17]. A clear enhancement at around 4.6 GeV is
also observed in e+e� ! D+

s Ds1(2536)�, which could
be the Y (4626) state observed by the Belle collabora-
tion [16] in the same final state. Our data may indi-
cate that the same state at around 4.6 GeV decays in-
to both D+

s Ds1(2536)� and D+
s D

⇤
s2(2573)

� final states.
Evidence for a structure at around 4.75 GeV is observed,
which may be the Y (4710) or Y (4790) reported earlier
by the BESIII experiment [14, 15].
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FIG. 3. Cross sections of (a) e+e� ! D+

s Ds1(2536)
� with

Ds1(2536)
� ! D̄⇤0K� and (b) e+e� ! D+

s D
⇤
s2(2573)

� with
D⇤

s2(2573)
� ! D̄0K�. The black dots, red squares, and green

triangles with error bars are measured exclusive cross sec-
tions, inclusive cross section from likelihood fit multiplied by
the absolute branching fraction, and measured inclusive cross
section multiplied by the absolute branching fraction, respec-
tively. The red, black, and green solid lines are results of total
fit, BW0, and BW1, respectively. The uncertainties are sta-
tistical only.

Using the data at the six energy points with both inclu-
sive and exclusive cross sections measured, we determine
the absolute branching fractions of the Ds1(2536)� !
D̄⇤0K� and D⇤

s2(2573)
� ! D̄0K� with a likelihood fit

that maximizes the likelihood function,

Li(�
inc

i,j , �
inc

i,j ,�
exc

i,j , �
exc

i,j ;�i,j ,Bi) =

6Y

j=1

Linc

i,j (�
inc

i,j , �
inc

i,j ;�i,j)L
exc

i,j (�
exc

i,j , �
exc

i,j ;�i,j ,Bi),
(3)

where �inci,j and �exci,j are the statistical uncertainties of
the measured inclusive and exclusive cross sections, re-
spectively; �i,j is the actual cross section of e+e� !
D+

s Ds1(2536)� or e+e� ! D+
s D

⇤
s2(2573)

�; and Bi is the
absolute branching fraction of Ds1(2536)� ! D̄⇤0K�

(i = 1) or D⇤
s2(2573)

� ! D̄0K� (i = 2). Since
the significances for e+e� ! D+

s Ds1(2536)� (e+e� !
D+

s D
⇤
s2(2573)

�) at
p
s = 4.66 (4.66 and 4.7) GeV in

both inclusive and exclusive measurements are less than
5�, Linc,exc

i,j at that energy point is a normalized like-

lihood as a function of �inc,exc
i,j which is obtained from

the signal yield fits. The likelihood Linc,exc
i,j for the other

samples with su�ciently high statistics is approximated
as a Gaussian function, and details are described in the
supplemental material. Figures 4(a) and 4(b) show the
fit results of the absolute branching fractions, which are
(35.9 ± 4.8)% and (37.4 ± 3.1)% for B(Ds1(2536)� !
D̄⇤0K�) and B(D⇤

s2(2573)
� ! D̄0K�), respectively.

To study the resonance structures in the e+e� !
D+

s Ds1(2536)� and e+e� ! D+
s D

⇤
s2(2573)

� process-
es, least-�2 fits to the measured cross sections are per-
formed. The cross sections are described with the coher-
ent sum of two constant-width Breit-Wigner (BW ) func-
tions. The fit results are shown in Figs. 3(a) and 3(b)
with �2/ndf = 4.0/8 and 6.2/7, respectively, where ndf
is the number of degrees of freedom, and the fit details
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FIG. 4. The absolute branching fractions of (a)
Ds1(2536)

� ! D̄⇤0K� and (b) D⇤
s2(2573)

� ! D̄0K�. The
black dots with error bars are absolute branching fractions
calculated at each

p
s, where Bi,j = �exc

i,j /�
inc

i,j . The red lines
represent results calculated by the maximum likelihood fit.
The uncertainties are statistical only and are shown with the
red shaded bands.

are described in the supplemental material. By compar-
ing ��2 of the fits with and without the corresponding
component and accounting for �ndf, the significance is
determined. The statistical significances of the first and
second resonance structures are 7.2� and 4.3�, respec-
tively, in e+e� ! D+

s Ds1(2536)�, and 15� and 2.7�,
respectively, in e+e� ! D+

s D
⇤
s2(2573)

�. In both pro-
cesses, the first resonance structure is around 4.6 GeV
with a width of 50 MeV. In e+e� ! D+

s Ds1(2536)�,
the second one is around 4.75 GeV with a width of 25
MeV, and in e+e� ! D+

s D
⇤
s2(2573)

�, around 4.72 GeV
with a width of 50 MeV. Continuum contributions are
also tested, but the significances are less than 1� in both
processes.

The systematic uncertainties for the measurements of
absolute branching fractions related to fits, including sig-
nal and background descriptions and fit ranges in the fits
of inclusive and exclusive analyses, are described in the
supplemental material. The other systematic uncertain-
ties are introduced below.

The systematic uncertainties from the mass window
requirement of M(D+

s ) (RM(D+
s K

�)) are estimated by
comparing the e�ciency di↵erence between data and MC
simulation [35] as 3.4% and 5.5% (4.3% and 4.3%), for
Ds1(2536)� ! D̄⇤0K� and D⇤

s2(2573)
� ! D̄0K�, re-

spectively.

The systematic uncertainties from tracking (particle
identification, PID) e�ciencies for K± and ⇡+ from D+

s

are taken as 0.5% (0.5%) and 0.2% (0.4%), respective-
ly [36]. The systematic uncertainty from K0

S reconstruc-
tion is assigned as 2.3% [37]. Most of these uncertain-
ties cancel in the D+

s reconstruction as they appear in
both inclusive and exclusive processes. Only those un-
certainties not common between the two are considered,
and the systematic uncertainties from D+

s ! K�K+⇡+

and D+
s ! K0

SK
+ are added according to their branch-

ing fractions. Since the momentum of the bachelor
K� that does not come from D+

s decays in the exclu-
sive analysis is very low, the systematic uncertainties of
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