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Outline of the talk
The BESIII experiment, physics, and dataset


The lightest pseudoscalar glueball candidate


CPV in the neutral decays of Λ


EDM search of the Λ Baryon


 Λ semileptonic decays 


Search for sub-GeV Dark Matter
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The BESIII experiment @ BEPCII
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• 


• Region below 2 GeV directly accessible (via ISR) 


• 


• Beam energy spread  at 


• 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

∼ 3 × 10−5 mττ

J/ψ

ψ(2S)

ψ(3770)

BESIII collaboration: ~720 members 
from 15 countries, 98 institutions
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The BESIII experiment @ BEPCII
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• 


• Region below 2 GeV directly accessible (via ISR) 


• 


• Beam energy spread  at 


• 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

∼ 3 × 10−5 mττ

J/ψ

ψ(2S)

ψ(3770)

Spectroscopy & decays of light hadrons and charmonium, charm physics, precision measurements, tests of fundamental symmetry
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LIGHTEST 0−+ 
GLUEBALL 
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QCD — SU(3) non-Abelian gauge theory


At high energy


𝛼𝑠 running, widely confirmed experimentally


At low energy


self-interaction of gluons


bound states of gluons: glueballs


Many candidates, not established yet

Distinctive manifestation of gluon self-interactions 
Unique particle/matter made of pure force 
Direct proof of origin of mass from strong interaction



Lattice QCD prediction for the lightest 
pseudoscalar glueball


𝑴 = 𝟐𝟑𝟗𝟓 ± 𝟏𝟒 𝐌𝐞𝐕 


𝑩(𝑱/𝝍 → 𝜸𝑮𝟎−+) = 𝟐.𝟑𝟏 ± 𝟎.𝟖𝟎 × 𝟏𝟎−4

Glueball production and decays
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Mixing mechanism between  and  glueball 
can significantly increase the production rate of 
the mixture  particle to (𝟐~𝟐𝟎) × 𝟏𝟎−3

ηc 0−+

0−+

∼ ∝ α2
s ∼ ∝ α4

s

PRD 100 (2019) 054511

PLB 827 (2022) 136960 arXiv: 2605.01757

Gluon-rich environment for production


Glueball production rate in J/ψ radiative decays 
could be higher than that of normal hadrons


Spin-parity filter: C parity must be +,                
so 𝐽𝑃𝐶=0−+, 0++, 1++, 2++ , 2−+ …

Clean environment in 𝒆+𝒆− collision: very different from p-p collision



Lattice QCD prediction for the lightest 
pseudoscalar glueball


𝑴𝟐𝟑𝟗𝟓𝟏𝟒𝐌𝐞𝐕

𝑩𝑱𝝍𝜸𝑮𝟎𝟐𝟑𝟏𝟎𝟖𝟎𝟏𝟎

Glueball production and decays
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Mixing mechanism between  and  glueball 
can signifi
 𝟐𝟐𝟎𝟏𝟎

ηc 0−+

0−+

∼ ∝ α2
s ∼ ∝ α4

s

PRD 100 (2019) 054511

PLB 827 (2022) 136960 arXiv: 2605.01757

Gluon-rich environment for production


Glueball production rate in J/ψ radiative decays 
could be higher than that of normal hadrons


Spin-parity fi
𝐽𝑃𝐶

Clean environment in 𝒆+𝒆− collision: very different from p-p collision

Glueball decays


Glueballs contain no quark flavor               
— flavor-singlet states


Similarities with 𝜂𝑐, decay through 
OZI-forbidden mechanisms


Suppressed radiative decays



The X(2370) discovery
Discovered by BESIII in 𝑱/𝝍 → 𝜸𝝅+𝝅−𝜼′ in 2011


Confirmed by BESIII in 𝑱/𝝍 → 𝜸𝝅+𝝅−𝜼′ , 𝜸𝑲𝑲𝜼′ (more data & new mode)
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decay length of K0
S candidate, i.e., the distance between the

average position of the eþe− collisions and the decay vertex
of K0

S, is required to be greater than twice the vertex
resolution. With these selections, the miscombination ofK0

S
reconstruction is significantly suppressed to be less than
0.1%. The reconstructed K0

S candidates are used as an input
for the subsequent kinematic fit.
Photon candidates are identified using showers in the

electromagnetic calorimeter (EMC). The deposited energy
of each shower are required to have at least 100 MeV in the
barrel region (j cos θj < 0.80) and the end cap region
(0.86 < j cos θj < 0.92). To exclude showers from charged
tracks, the angle between the shower position and the
charged tracks extrapolated to the EMC must be greater
than 10°. The difference between the EMC time and the
event start time is required to be within [0, 700] ns in order
to suppress electronic noise and energy deposits unrelated
to the event.
For the J=ψ → γK0

SK
0
Sη

0, η0 → γπþπ− channel, each
candidate event is required to have at least three positively
charged tracks, at least three negatively charged tracks and
two photons. A four-constraint (4C) kinematic fit under the
J=ψ → γγK0

SK
0
Sπ

þπ− hypothesis is performed by enforc-
ing energy-momentum conservation. If there is more than
one γγK0

SK
0
Sπ

þπ− combination, the one with the smallest
χ24C is chosen. The resulting χ24C is required to be less than
40. The η0 candidates are required to have the invariant
mass satisfying jMγπþπ− −mη0 j < 15 MeV=c2, where mη0

is the known mass of η0 [26]. If there is more than
one γπþπ− combination, the one with the minimum
jMγπþπ− −mη0 j is selected. The πþπ− (from η0) invariant
mass is required to be in the ρ mass region, 0.55 <
Mπþπ− < 0.90 GeV=c2. To suppress background events
containing a π0 or η, events with jMγγ −mπ0 j <
20 MeV=c2 or jMγγ −mηj < 30 MeV=c2 are rejected,
where mπ0 and mη are the known masses of π0 and η,
respectively [26].
For the J=ψ → γK0

SK
0
Sη

0, η0 → πþπ−η, η → γγ channel,
each candidate event is required to have at least three
positively charged tracks, at least three negatively charged
tracks and three photons. A 4C kinematic fit is performed
under the J=ψ → γγγK0

SK
0
Sπ

þπ− hypothesis and the com-
bination with the smallest χ24C is chosen if more than one
combination is found. In order to reduce background and to
improve the mass resolution, a five-constraint (5C) kin-
ematic fit is performed to further constrain the invariant
mass of the two photons to mη. Among three γγ combina-
tions, the one with the smallest χ25C is chosen, and χ25C < 50
is required. The η0 candidates must satisfy jMπþπ−η −mη0 j <
10 MeV=c2. To suppress background events containing a
π0, events with jMγγ −mπ0 j < 20 MeV=c2 are rejected,
where the photon pairs are all possible combinations of
the radiative photon and photons from η.

All the above selection criteria aim to improve the signal
extraction efficiency and signal-to-noise ratio. The mass
windows for peaking signals of K0

S and η0 correspond to
approximately 3 standard deviations to their respective
known masses [26]. Others are determined by optimizing
the figure of merit (FOM) ϵS=

ffiffiffiffiffiffiffiffiffiffi
Ndata

p
, where ϵS is signal

efficiency with simulation MC sample, andNdata is the final
selected event number in data. With above criteria, the
event numbers of final selected candidates are 4046 and
1395 for the η0 → γπþπ− channel and the η0 → πþπ−η
channel, respectively.
No significant peaking background contribution has

been found in the measured invariant mass spectra. The
remaining background component is from non-η0 proc-
esses, which are estimated from the η0 mass sideband
regions of 20 < jMγπþπ− −mη0 j < 30 MeV=c2 and 30 <
jMπþπ−η −mη0 j < 40 MeV=c2. The corresponding back-
ground fractions are 6.8% and 1.8% for the two channels,
respectively.
Figure 1 shows the mass distributions with the above

selection criteria for the η0 → γπþπ− and η0 → πþπ−η
channels. Similar structures are observed in the two
channels. The two-dimensional distributions of MK0

SK
0
S

versus MK0
SK

0
Sη

0 indicate a strong enhancement near the

2 2.2 2.4 2.6 2.8 3

)2 c
 (

G
eV

/
K

K
M

1

1.2

1.4

1.6

1.8

2

0
20
40
60
80
100
120
140
160
180
200
220

Data

0
10
20
30
40
50
60
70
80

2 2.2 2.4 2.6 2.8 3

)2 c
 (

G
eV

/
K

K
M

1

1.2

1.4

1.6

1.8

2
Data

2 2.2 2.4 2.6 2.8 3

2 c
E

ve
nt

s 
/ 0

.0
15

 G
eV

/

0

20

40

60

80

100

120
Data

PHSP MC

Background

2 2.2 2.4 2.6 2.8 3

2 c
E

ve
nt

s 
/ 0

.0
15

 G
eV

/

0

10

20

30

40

50

Data

PHSP MC

Background

FIG. 1. Invariant mass distributions of the selected events: (a)
and (b) The two-dimensional distributions of MK0

SK
0
S
versus

MK0
SK

0
Sη

0 for the η0 → γπþπ− and η0 → πþπ−η channels, respec-
tively. (c) and (d) The K0

SK
0
Sη

0 invariant mass distributions
with the requirement MK0

SK
0
S
< 1.1 GeV=c2 for η0 → γπþπ−

and η0 → πþπ−η channels, respectively. The dots with error bars
are data. The shaded histograms are the non-η0 backgrounds
estimated by the η0 sideband. The solid lines are phase space
(PHSP) MC events with arbitrary normalization.

PHYSICAL REVIEW LETTERS 132, 181901 (2024)

181901-2

With the full BESIII dataset: 10 billion 𝐽/𝜓


Found also

Other decay modes and narrow 
partial decay widths

9

𝑱𝑷𝑪 = 𝟎−+ with significance > 𝟗.𝟖 𝝈 

𝑩(𝑱/𝝍 → 𝜸𝑿(𝟐𝟑𝟕𝟎)) × 𝑩(𝑿(𝟐𝟑𝟕𝟎) → 𝒇𝟎(𝟗𝟖𝟎) 𝜼′) × 𝑩(𝒇𝟎(𝟗𝟖𝟎) → 𝑲𝑺𝟎𝑲𝑺𝟎) 
= 𝟏. 𝟑𝟏 ± 𝟎. 𝟐𝟐 −𝟎.𝟖𝟒 +𝟐.𝟖𝟓 × 𝟏𝟎−5

Chinese Phys. C 50 101001

PRL 132 (2024) 181901

X(2370) → K0
SK0

Sπ0

X(2370) → π0π0η
X(2370) → a0(980)π0

strong similarities with 𝜂c decays

K0
SK

0
S mass threshold from the f0ð980Þ and a clear

connection between the f0ð980Þ and the structure around
2.4 GeV=c2, Xð2370Þ, in the invariant mass spectra of
K0

SK
0
Sη

0. By requiring MK0
SK

0
S
< 1.1 GeV=c2, the structure

around 2.4 GeV=c2 becomes much more prominent in
the K0

SK
0
Sη

0 mass spectrum. In addition, there is a clear
signature from the ηc.
A partial wave analysis (PWA) is performed to inves-

tigate the properties of the Xð2370Þ. To reduce complex-
ities from additional intermediate processes, events
satisfying MK0

SK
0
S
< 1.1 GeV=c2 are used. The K0

S and η0

momenta are constrained to their known masses, respec-
tively. The signal amplitudes are constructed with the
covariant tensor formalism [27] and parametrized as
quasi-sequential two-body decays: J=ψ → γX, X → Yη0

or X → ZK0
S, where Y and Z represent K0

SK
0
S and K0

Sη
0

isobars, respectively. Because of the parity conservation,
the possible JPC of K0

SK
0
Sη

0 system (X) are 0−þ, 1þþ, 2þþ,
2−þ, etc. In this Letter, given the suppression of phase space
factor, only spin J < 3 states of the X and possible S-wave
or P-wave and D-wave decays of intermediate states are
considered. An unbinned maximum likelihood fit is
performed on the combined data of the two η0 decay
modes. The non-η0 background contribution is taken into
account in the fit via the subtraction of the negative log-
likelihood values with the events estimated from the η0

mass sideband region.
The optimal PWA fit shows that data can be well

described with a process combination of the decay of
f0ð980Þη0 from the resonances of the Xð1835Þ, Xð2370Þ, ηc
and a broad 0−þ structure denoted as Xð2800Þ, and the
nonresonance components of ðK0

SK
0
SÞSη0 and ðK0

SK
0
SÞDη0

for the S wave and D wave in the K0
SK

0
S system,

respectively. The Xð1835Þ, Xð2370Þ, and Xð2800Þ are
described by nonrelativistic Breit-Wigner (BW) functions,
where the intrinsic widths are not energy dependent. The
masses and widths of the Xð1835Þ and ηc are fixed to
previous measurements [26,28]. The masses and widths
of the Xð2370Þ and Xð2800Þ are floated in the PWA fit. The
mass line shape of f0ð980Þ is parametrized by the Flatté
formula [29] with the BESII measurement [30]. The JPC of
the Xð2370Þ and Xð2800Þ are assigned to be 0−þ. The
statistical significance of the Xð2370Þ is greater than 11.7σ,
which is determined from the changes of log-likelihood
value and degrees of freedom in the PWA fits with and
without the signal hypotheses for every systematic varia-
tion. The mass, width, and product branching fraction
of Xð2370Þ are measured to be 2395$ 11ðstatÞ MeV=c2,
188þ18

−17ðstatÞ MeV=c2 and B½J=ψ → γXð2370Þ&×
B½Xð2370Þ→ f0ð980Þη0&×B½f0ð980Þ→ K0

SK
0
S& ¼ ð1.31$

0.22ðstatÞÞ× 10−5, respectively. Figure 2 provides the
comparisons of the mass and angular distributions between
data and PWA fit projections, as well as the individual
contributions from each component. The χ2=nbin value is

displayed on each figure to demonstrate the goodness of fit.
A broad 0−þ structure is needed in the optimal PWA fit to
describe the effective contributions from possible high-
mass resonances such as Xð2600Þ [31] and the tail of ηc line
shape, which is denoted as Xð2800Þ (with a mass of 2799
and a width of 660 MeV=c2). The Xð2800Þ have been
checked with various alternative PWA fits. For example,
if the ηc line shape is parametrized without a damping
factor [32], the significance of Xð2800Þ is reduced to 3.1σ.
If the Xð2800Þ is not included in the PWA, the spin parity
of Xð2370Þ remains to be 0−þ with a significance greater

FIG. 2. Comparisons between data (with two η0 decay modes
combined) and PWA fit projections: (a),(b), and (c) The invariant
mass distributions of K0

SK
0
Sη

0, K0
SK

0
S, and K0

Sη (two entries for
one event), respectively. (d),(e) and (f) are the angular distribu-
tions of cos θ, where θ is the polar angle of (d) γ in the J=ψ rest
system; (e) K0

SK
0
S in the K0

SK
0
Sη

0 rest system; and (f) K0
S in the

K0
SK

0
S rest system (two entries for one event). The dots with error

bars are data. The solid red histograms are the PWA total
projections. The shaded histograms are the non-η0 backgrounds
described by the η0 sideband. The dash-dotted blue, short dashed
green, long dashed cyan, dotted magenta, and dash-dot-dotted
violet show the contributions of the nonresonant contribution,
Xð2370Þ, Xð1835Þ, Xð2800Þ and ηc, respectively.

PHYSICAL REVIEW LETTERS 132, 181901 (2024)

181901-3



Combined results

The total sum from the left table is ~0.9 × 10−3


Considering other unmeasured decay modes, it is 
reasonable to conclude


              𝐵(𝐽/𝜓 → 𝛾𝑋(2370)) > 1 × 10−3
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Combined result
Chinese Phys. C 50 101001

3

2 2.2 2.4 2.6
)2   cGeV/( 0   π0 S K0 S KM

0

100

200

300

400)2    c
E

ve
nt

s /
 (0

.0
05

0 
G

eV
/

Data
Fit result

(2370)X
Polynomial

0   π0 S K0 S Kγ → ψ/J
signal region 0 (892)*   K

FIG. 2. The fit result of the K0
SK

0
Sω

0 invariant mass spec-

trum for selected events in the K→(892)0 signal region. The

dashed red line is the X(2370) signal component, the dashed

green line is the remaining processes described by a third-

order polynomial function, and the blue line is the total fit

result.

TABLE I. Summary of measured product BFs for the

X(2370). The first uncertainties are statistical and the second

are systematic. The results for KK̄ω, ωωε, and ωωε↑ are ob-

tained from fits to the corresponding reconstructed invariant

mass spectra, with isospin factors of 12, 3, and 1.5 applied,

respectively. The result for KK̄ε↑ is obtained by combining

the K0
SK

0
Sε

↑ (with isospin factor of 4) and K+K↓ε↑ (with

isospin factor of 2) modes.

Decay channel B (→10↓4)

J/ϑ ↑ ϖX(2370) ↑ ϖKK̄ω 3.25± 0.25+0.73
↓0.75

J/ϑ ↑ ϖX(2370) ↑ ϖωωε 3.2± 0.1+0.9
↓1.0

J/ϑ ↑ ϖX(2370) ↑ ϖωωε↑ 1.94± 0.04+0.33
↓0.88

J/ϑ ↑ ϖX(2370) ↑ ϖKK̄ε↑ 0.39± 0.05± 0.10

In the K0
SK

0
Sω

0 and ω0ω0ε invariant mass spectra in
J/ϑ → ϖK0

SK
0
Sω

0 and ϖω0ω0ε [28], the X(2370) is the
unique mass peak observed between 2.3 GeV/c2 and
εc mass peak, which indicates that other possible 0→+

mesons in this mass range are either with much lower pro-
duction rates or with much more broad widths than the
X(2370). To obtain product BFs for J/ϑ → ϖX(2370)
withX(2370) → KK̄ω, ωωε, and ωωε↑, fits are performed
to the K0

SK
0
Sω

0, ω0ω0ε, and ω+ω→ε↑ invariant mass spec-
tra, with the mass and width of the X(2370) fixed to
the combined results [28]. The systematic uncertainties
from the detection e!ciency, background model, PHSP
parametrization, and additional resonance are consid-
ered. The resulting product BFs, together with the result
for J/ϑ → ϖX(2370), X(2370) → KK̄ε↑ from Ref. [26],
are summarized in Table I. As a reasonable estimate, the
B[J/ϑ → ϖX(2370)] should be greater than 1 ↑ 10→3,
which means the X(2370) has high production rate in
J/ϑ radiative decays.

It is noticed that some phenomenological study cal-

culated the production rate of J/ϑ → ϖX(2370) to be
greater than 2.87↑10→3 [21], but their calculation yielded
that the decay BF of the X(2370) to KK̄ω mode is more
than 50 times greater than that of theKK̄ε↑ mode, which
is inconsistent with the above BESIII BF measurements
of the X(2370). Nevertheless, the high production rate
of the X(2370) in J/ϑ radiative decays is favored by the
0→+ glueball interpretation [10, 11, 37].

It should be noted that although the X(2370) is a
flavor-singlet and its decay modes should be similar to
those of εc, it is hard to directly compare the corre-
sponding BF ratios of di”erent decay modes between the
X(2370) and the εc, since εc has much larger PHSP than
the X(2370) in all decay final states. For example, the
2D mass plot of MK0

SK0
S

versus MK0
SK0

Sω→ in the anal-

ysis of J/ϑ → ϖK0
SK

0
Sε

↑ [27] shows that εc may dom-
inantly decay into f0(1710)ε↑ → K0

SK
0
Sε

↑, but there is
no PHSP for the X(2370) decaying to f0(1710)ε↑. An-
other example is that some multi-pion modes such as
εc → f2(1270)f2(1270) are allowed for the εc decays [36],
but they may be suppressed for the X(2370) decays also
due to PHSP limitations.
Given the upper limit on B[J/ϑ → ϖX(2370)] ↑

B[X(2370) → K↓(892)0K̄0 + c.c. → K0
SK

0
Sω

0] < 2.7 ↑
10→6 at the 90% C.L., and B[J/ϑ → ϖX(2370)] should be
larger than 1↑10→3, we have B[X(2370) → K↓(892)K̄] <
1.6%. Then, the partial width of the X(2370) to
K↓(892)K̄ should be smaller than 2 MeV. The sup-
pression of the K↓(892)K̄ decay mode indicates that the
X(2370) is inconsistent with the ε-ε↑ excitation inter-
pretation, for which the partial width to K↓(892)K̄ is
expected to be 15–200 MeV [22, 38]. This expectation
is also consistent with a näıve extrapolation from the
ε(1405)/ε(1475) partial width to K↓(892)K̄, by com-
paring the PHSP contributions for ε(1405)/ε(1475) →
K↓(892)K̄ and X(2370) → K↓(892)K̄. Since K↓(892)K̄
is one of the major decay modes of the ε(1405)/ε(1475),
the corresponding partial width is expected to be larger
than 10 MeV. Moreover, the P -wave PHSP for an ε-
ε↑ excitation around 2.37 GeV/c2 to K↓(892)K̄ is more
than 30 times larger than that for the ε(1405)/ε(1475).
Therefore, from this simple extrapolation, the partial
width of an ε-ε↑ excitation around 2.37 GeV/c2 decaying
to K↓(892)K̄ would also be expected to be much larger
than 20 MeV.
In addition, the flavor-singlet property of the X(2370)

disfavors qq̄ interpretation, because no flavor-singlet state
formed via uū + dd̄ and ss̄ mixing has been predicted
around 2 GeV/c2 by the LQCD calculations [39]. From
experimental data [36], except for the X(2370), no
other flavor-singlet light meson has been observed above
1 GeV/c2, which also supports the LQCD calculation.
The qq̄ interpretation is also disfavored by the strong

suppressions of the X(2370) decays into ϖϱ or ϖς. Com-
pared with radiative decays of other 0→+ mesons, such as
the ε(1405) andX(1835), as shown in Table II, the strong
suppressions of X(2370) → ϖς, ϖϱ, indicate that both ss̄
and uū+ dd̄ contents inside the X(2370) should be very

MX(2370) = 2359+13
−14 MeV/c2

ΓX(2370) = 170+44
−29 MeV



Suppressions of X(2370) → 𝜸𝝎, 𝜸𝜙
𝐽/𝜓 → 𝛾𝛾𝜔, 𝛾𝛾𝜙 have been studied with amplitude analysis


With 𝐵(𝐽/𝜓 → 𝛾𝑋(2370)) > 1 × 10−3 → strong suppressions

11
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TABLE II. BFs or their upper limits at 90% C.L. of the inter-

mediate resonances measured in J/ω → εεϑ and J/ω → εεϖ.

The first uncertainties are statistical and the second are sys-

tematic.

Resonance R
J/ω → εR → εεϑ

(↑10→6) [29]

J/ω → εR → εεϖ

(↑10→6) [30]

ϱ(1405) 3.54± 0.20+0.65
→0.24 3.57± 0.18+0.59

→0.61

X(1835) < 0.11 3.37± 0.19+0.78
→1.10

X(2370) < 0.04 < 0.11

small. The upper limits on the X(2370) in Table II are
consistent with the theoretical expectations of the pseu-
doscalar glueball [19].

Furthermore, the flavor-singlet property of the
X(2370) means that the X(2370) should decay flavor
symmetrically to many S-wave quasi-two-body modes in
ωωε→, KK̄ε→, ωωε and KK̄ω processes, such as f0(980)ε→,
a0(980)ω0, K↑

0 (1430)K̄, f0(1500)ε (as indicated in the
2D mass plots in J/ϑ → ϖK0

SK
0
Sε

→, J/ϑ → ϖK0
SK

0
Sω

0

and J/ϑ → ϖω0ω0ε [28]). Therefore, the BF of each
quasi-two-body modes is expected to be only of order
1%–10%, which is also indicated by the similarities to
εc decays, i.e., their partial widths are of the order of
a few MeV or even smaller, which is much smaller than
typical OZI allowed decay partial width (↑ 100 MeV).
Such small partial widths strongly disfavor the interpre-
tation of normal qq̄ states, multi-quark states or hybrid
decays [21–25], since all these hadrons have light quark
content in the initial states, so that their decays are
expected to be dominated by OZI allowed modes [38].
In contrast, the narrow partial widths are expected by
conventional understanding of glueballs, since their de-
cays to qq̄ states are OZI suppressed and the suppres-
sion only acts at one vertex because of the absence of
initial qq̄ annihilation for a glueball decay [16]. For ex-
ample, from the so called

↓
OZI rule [16], it can be

näıvely estimated that the partial decay width !(G0→+ →
ωωε) is about

√
!(OZI allowed)↔ !(εc → ωωε) ↑√

(100↗ 200) MeV ↔ 0.5 MeV, i.e., of the order of a
few MeV. Therefore, the narrow partial widths of the
X(2370) are also consistent with the glueball interpreta-
tion.

It is noticed that the X(2370) mass is close to the
””̄ mass threshold and it might be conjectured as a ””̄
baryonium state. However, the production rate of the
X(2370) disfavors this interpretation given that the BFs
of J/ϑ radiative decays to baryon pairs, such as pp̄ and
##̄, are only of the order 10↓4 or even smaller [36]. Also
there is no distortion observed at the ””̄ mass thresh-
old on the X(2370) line shape, which indicates that the
X(2370) has no strong coupling with ””̄. In addition,
such a baryonium state is not a flavor-singlet as it should
be for the X(2370).
The upper limits of strong suppressions of X(2370) →

K↑K, ϖϱ, ϖς may help to constrain the qq̄ contribu-

tions inside the X(2370). However, to obtain the pre-
cise fractions of the qq̄ components, more studies are
needed on the decay BFs of the X(2370), including par-
tial wave analyses on the possible interferences between
the X(2370) and nearby resonances such as X(2120),
X(2260) and X(2600) in various final states with consid-
erations on possible threshold e$ects in this mass region.
In addition, searching for ϱϱ, ςς, ϱς and K↑(1410)K̄
modes may provide further confirmations on the flavor-
singlet property of the X(2370), since for a flavor-singlet
state, it is expected to decay flavor symmetrically to ϱϱ
and ςς, while ϱς mode should be suppressed by OZI rule
and K↑(1410)K̄ mode is also forbidden by generalized G-
parity conservation.

With 10 billion J/ϑ events collected at BESIII, the
X(2370) properties have been systematically studied. A
dominant 0↓+ glueball component is essential for a nat-
ural and complete explanation of the properties of the
X(2370) — the mass, spin-parity, high production rate
in J/ϑ radiative decays, decay property similarities to
those of εc, flavor-singlet property, narrow partial decay
width, and suppression of radiative decays to ϱ and ς,
since these properties are all consistent with the features
of a 0↓+ glueball while other interpretations at present
can hardly explain them simultaneously, especially on the
flavor-singlet property, narrow partial decay widths and
suppressions of radiative decays to ϱ and ς. This sup-
ports that the lightest 0↓+ glueball is the dominant con-
stituent of the X(2370).
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No evidence of 𝐗(𝟐𝟑𝟕𝟎), consistent with the predictions for glueball


ηc → γϕ observed. The very first radiative decay mode of ηc 


X(1835) → γϕ suggests its assignment as the η′ excitation 


Observation of f2(1950) and f0(2200) → γϕ disfavored glueball 
interpretations 



Study of X(2370) → K∗(892)K + c . c .
Forbidden by Generalized G-parity conservation


ℬ[𝐽 𝜓 → 𝛾𝑋(2370)] × ℬ[𝑋(2370) → 𝐾*(892)0𝐾𝑆0 + c.c. → 𝐾𝑆0𝐾𝑆0𝜋0]                        
< 2.7 × 10−6 @90% C.L.
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The suppression of the X(2370) decay into K*(892) K supports that the X(2370) is a flavor-singlet



Summing up the X(2370)
Properties of 𝑋(2370)


high production rate in 𝐽/𝜓 radiative decays


flavor-singlet state


decay pattern similarities to 𝜂𝑐


narrow partial decay widths


strong suppression of 𝛾𝜔, 𝛾𝜙 decays


These observations are fully consistent with the expected 
signatures of a glueball


Other interpretations can hardly explain all of them 
simultaneously

13

The lightest 0−+ glueball is needed for a 
natural and complete explanation of 
𝑋(2370) properties measured by BESIII 



THE HYPERON LAB
Unique combination of nature, experimental 
setup, and analysis tools


Matter-antimatter asymmetry demands new CP 
sources 


Sakharov conditions 


• Baryon-number violation


• C and CP violation 


• Departure from thermal equilibrium 


Known Standard Model CP violation is 
insufficient
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JETPLett. 5,24-27 (1967)



Hyperons production at BESIII

15

Production matrix: polarization and spin correlations01

The production matrix determines both transverse polarization and ()( spin correlations.

2026-07-30 9ICHEP 2026 | Natal

l Pair production matrix:

*!/#,!/# =
1
4.%&'

/%&'0%(#⨂0&'
)(#

l Unpolarized 2*2+ beams⇒ transverse polarization (if ΔΦ ≠ 0): 8, cos< =
!+-$% ./010231
!*-$ ./0% 1 sin(ΔΦ)

@% = 1 − B%& sin(ΔΦ),      A4 = 1 − C4# cos(ΔΦ)
Phys. Rev. D 99, 056008 (2019)

Hyperons produced in charmonium decays can 
have polarization normal to the production plane, 
even when production conserves parity and CP

Polarization originates from interference between production amplitudes with a nonzero relative phase

A non-zero 𝚫𝚽 represents the transverse polarization

ξ = (θΛ, θY, ϕY, θY, ϕY) ω = (αψ, ΔΦ, αY, αY)



CP observables in hyperon decays

The daughter angular distribution analyzes the parent polarization and exposes the decay parameters

16



Spin-1/2 hyperons: a complete polarization map

17



CP symmetry in neutral Λ decays

10.087 billion J/ψ decays


The neutron / antineutron is inferred from 
missing four-momentum 


A simultaneous five-angle fit uses transverse 
polarization and Λ–Λ̄ spin correlations

18

J/ψ → ΛΛ̄ → (nπ⁰)(p̄π⁺) + c.c.

where PyðθΛÞ represents the transverse polarization of Λ.
The quantity is evaluated acrossm ¼ 40 bins in cos θΛ. For
each bin k, containing Nk events, the index i denotes the
i-th event within it. Comparison of the data with the phase-
space (PHSP) MC sample reveals a significant polarization
of theΛ hyperons in J=ψ → ΛΛ̄ decays, as shown in Fig. 2,
where αJ=ψ ;ΔΦ and decay parameters are set to 0 of the
PHSP MC and values measured in the data of the signal
MC, respectively.
The sources of systematic uncertainties are separated

into four categories: event reconstruction, background
estimation, fit method, and residual data/MC discrepancy.
For event reconstruction, the effects from p, p̄, and π$

tracking, particle identification, and Λ=Λ̄ reconstruction
are evaluated with a control sample of J=ψ →
Λð→ pπ−ÞΛ̄ð→ p̄πþÞ. The π0 reconstruction efficiency
is studied with J=ψ → Σþð→ pπ0ÞΣ̄−ð→ p̄π0Þ, which

has a final-state topology similar to the signal. Selection-
related effects, such as the polar angle requirement of p̄, the
neutron invariant mass window, and the χ2 of the π0

kinematic fit, are estimated by varying their values around
the nominal ones and repeating the fits. Background-related
uncertainties are evaluated in two ways: a $1σ variation of
the combinatorial background yield in the fit, and the
inclusion of the dominant neglected background term, as
determined from MC simulation, in an alternative fit. The
uncertainty of fit method includes the fit procedure and
fixed parameter αJ=ψ. The former is tested with 50 sets of
toy MC samples generated using the best-fit parameters.
Since the input and output are consistent within statistical
fluctuations, no additional uncertainty is assigned to the fit
procedure. The latter is studied by repeating the fit with
αJ=ψ randomly varied within one standard deviation for 100
iterations. The standard deviation of the output is assigned
as the corresponding uncertainty. Finally, the residual data/
MC discrepancy is evaluated by reweighting the MC to
match the Λ̄ polar-angle distribution in data; the shift in the
fitted result is taken as the associated uncertainty. The
absolute contributions from various sources are summa-
rized in Table II. The total systematic uncertainty for each
parameter is obtained by summing these individual con-
tributions in quadrature.
Based on ð10 087$ 44Þ × 106 J=ψ events collected

with the BESIII detector, we perform a full angular analysis
of the decay J=ψ → Λð→ nπ0ÞΛ̄ð→ p̄πþÞ and its charge
conjugated mode. The neutral decay parameters α0 and ᾱ0
are consistent with previous measurements [26,27], with
precisions improved by 43% and 27%, respectively.
Compared with the Ref. [27], owing to the innovative
selection strategy, our results yield a factor of 2.3 enhance-
ment in selection efficiency. Compared with the Ref. [26],
thanks to fewer selection conditions and numerous effi-
ciency corrections, our systematic uncertainties have been
significantly improved, corresponding to a factor of 4.3
improvement in α0 and 2.3 improvement for ᾱ0. We also

FIG. 2. Distributions of μðcos θΛÞ as a function of cos θΛ. The
dots with error bars are data, the red solid lines are the signal MC
sample and the blue dashed line represent the distributions
without polarization from the PHSP MC sample. The red and
blue bands indicate the statistical uncertainties of signal MC and
PHSP MC samples, respectively. The distribution of χ ¼ ðμdata −
μMCÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2ðμdataÞ þ σ2ðμMCÞ

p
is shown at the bottom, where μdata

and μMC are the moments of data and signal MC sample, σ is the
corresponding statistical uncertainty.

TABLE I. Summary of the measured parameters. The first uncertainties are statistical and the second ones
systematic. The correlation coefficients are ρðα0; ᾱ0Þ ¼ −0.005 and ρðα−; αþÞ ¼ −0.026.

Parameter This Letter Previous result

ΔΦ (rad) 0.748$ 0.006$ 0.004 0.7521$ 0.0042$ 0.0066 [28]
α− 0.756$ 0.008$ 0.003 0.7519$ 0.0036$ 0.0024 [28]
αþ −0.764$ 0.008$ 0.001 −0.7559$ 0.0036$ 0.0030 [28]
α0 0.668$ 0.007$ 0.002 0.670$ 0.009þ0.009

−0.008 [26]
ᾱ0 −0.677$ 0.007$ 0.003 −0.668$ 0.008þ0.006

−0.008 [26]
A−
CP −0.005$ 0.007$ 0.002 −0.0025$ 0.0046$ 0.0012 [28]

A0
CP −0.006$ 0.007$ 0.002 0.001$ 0.009þ0.005

−0.007 [26]
hα0i 0.672$ 0.005$ 0.002 …
hα−i 0.760$ 0.006$ 0.002 0.7542$ 0.0010$ 0.0024 [28]
α0=α− 0.884$ 0.013$ 0.006 0.877$ 0.015þ0.014

−0.010 [26]
ᾱ0=αþ 0.885$ 0.013$ 0.004 0.863$ 0.014þ0.012

−0.008 [26]
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the one with the smallest kinematic fit χ2 is retained,
requiring χ2 < 100.
Because of the limited detection efficiency for neutrons

and antineutrons, they are not reconstructed directly.
Instead, their four momenta are inferred as
Pn ¼ PΛ − Pπ0 , where Pn, PΛ, and Pπ0 are the four
momenta of neutron, Λ and π0 candidate, respectively.
To improve the resolution, the momentum and energy
of Λ are set to p⃗Λ ¼ −p̂Λ̄

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
cm=c2=4 −m2

Λc
2

p
and

EΛ ¼ Ecm=2, respectively, where p̂Λ̄ is the momentum
direction of the Λ̄ in the eþe− rest frame. The neutron is
identified by the invariant mass calculated from Pn, which
shows a clear peak near the nominal neutron mass with low
background (Fig. 1). Studies of MC samples and data in the
sideband of the neutron mass distribution show that back-
ground in the signal region mainly arises from signal
candidates with misreconstructed π0 candidates, i.e., com-
binatorial background. The combinatorial background does
not peak in the neutron invariant mass distribution. The
other backgrounds, stemming from processes with one or
two extra photons in the final state [51], contribute less than
0.5% and are neglected in the nominal analysis.
To extract the production and decay parameters, a

simultaneous fit on the joint angular distribution is per-
formed on the selected events in the neutron/anti-neutron
invariant mass signal range ½0.926; 0.957$ GeV=c2, with
the production parameters αJ=ψ and ΔΦ shared between the
two charge conjugated channels. Correlations between the
angles, arising due to the reconstruction, are taken into
account in this full five-dimensional fit. In the fit, the
probability density function for the ith event with angles ξi
is parameterized with the four parameters ω,

Pðξi;ωÞ ¼ Wðξi;ωÞεðξiÞ=N ðωÞ; ð2Þ

where εðξiÞ refers to the detection efficiency and
the normalization factor N ðωÞ is obtained by N ðωÞ ¼
ð1=MÞ

PM
j¼1½Wðξj;ωÞ=Wðξj;ωgenÞ$ with a signal MC

sample generated with known parameters ωgen [26,28]
and the sample size M, similar to that in Ref. [26]. The
sum runs over allM signal MC events, corresponding to 50
times the data yield. The log-likelihood function for N
selected candidates is

S ¼ −
XN

i¼1

lnPðξi;ωÞ þ
Nbkg

Nmiss

XNmiss

i

lnPðξi;ωÞ; ð3Þ

where the second term accounts for the contribution from
the combinatorial background, estimated using Nmiss MC-
simulated background events. While these simulations
describe well the data in missing-mass sideband regions,
their large statistics assure modelling of correlations
between the angular and mass observables. To deter-
mine the background yield Nbkg, unbinned maximum
likelihood fits are carried out on the distributions of the
neutron invariant mass, as shown in Fig. 1. In the fit,
the signal is modeled with an MC-simulated shape
convolved with a Gaussian function to account for the
resolution difference between data and MC simulation,
while the combinatorial background is modeled by the
shape from the corresponding MC sample. The fit
yields 872 450' 982 signal events with 42 925' 293
background events for the decay Λ → nπ0, and
759 770' 963 signal events with 74 567' 379 back-
ground events for the decay Λ̄ → n̄π0.
The parameters ω are determined by a maximum like-

lihood fit, minimizing S with the TMinuit [52] package. The
parameter αJ=ψ is fixed to the value reported in Ref. [28], a
consequence of the data-MC discrepancy in θΛ. The fit
results including the production and decay parameters,
the CP asymmetry A−

CP ¼ ðα− þ αþÞ=ðα− − αþÞ and
A0
CP ¼ ðα0 þ ᾱ0Þ=ðα0 − ᾱ0Þ, the average decay parameters

hα0i ¼ ðα0 − ᾱ0Þ=2 and hα−i ¼ ðα− − αþÞ=2, as well as
the ratios α0=α− and ᾱ0=αþ are summarized in Table I. The
details of fit results projected onto the five angles are
provided in the Supplementary Material [53]. The moment
μ, defined as

μðcos θΛÞ ¼
m
N

XNk

i¼1

"
sin θin sinϕi

n þ sin θip̄ sinϕi
p̄

#
; ð4Þ

is proportional to the product of the Λ transverse
polarization and its decay asymmetry parameters, which
reads [28],

μðcos θΛÞ ¼
α0 − αþ

2

1þ αJ=ψcos2θΛ
3þ αJ=ψ

PyðθΛÞ; ð5Þ

PyðθΛÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2J=ψ

q
sinðΔΦÞ cos θΛ sin θΛ

1þ αJ=ψcos2θΛ
; ð6Þ
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FIG. 1. Distributions of the missing masses corresponding to
the neutron mass for Λ → nπ0 (left) and antineutron mass for
Λ̄ → n̄π0 (right). The blue solid curve represents the total fit
result. The red dashed and green dotted lines denote the signal
shape and the combinatorial background contributions, respec-
tively. The red arrows indicate the signal region.
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ΔΦ = 0.748 ± 0.006 ± 0.004 rad
A nonzero production phase generates
transverse polarization

Λ̄ → n̄π0 were measured in the decay sequence J=ψ →
Ξ−Ξ̄þ → Λð→ nπ0Þπ−Λ̄ð→ p̄πþÞπþ and its charge conju-
gated channel [26]. ᾱ0 was also measured in J=ψ → Λð→
pπ−ÞΛ̄ð→ n̄π0Þ based on 1.3 billion J=ψ events [27], but its
precision is poor due to limited statistics. However, the
uncertainties in α0 and ᾱ0 remain substantially larger than
those for the charged modes, motivating further improve-
ment. The decay J=ψ → Λð→ nπ0ÞΛ̄ð→ p̄πþÞ and its
charge conjugated channel offer larger signal yields com-
pared to the previous mode J=ψ → Ξ−Ξ̄þ. Although the
reduced quantum correlation and polarization in this channel
partly offsets the statistical advantage, it still provides a
pathway toward more precise measurements of α0 and ᾱ0.
In this Letter, we present a full angular analysis of the

decay J=ψ → Λð→ nπ0ÞΛ̄ð→ p̄πþÞ and its charge conju-
gate, based on ð10 087$ 44Þ × 106 J=ψ events [34] col-
lected with the BESIII detector. The transverse polarization
of Λ and Λ̄ together with their spin correlation [27,28],
allow the angular distributions of both production and
decay processes to be described by an extended helicity
formalism [35]. Unless otherwise indicated, the Λ̄ → n̄π0

mode is implicitly included throughout this text.
The BESIII experiment provides a unique platform to

study hyperon production and decay properties in eþe−

annihilation to a ΛΛ̄ pair via the intermediate J=ψ
resonance. The decay chain J=ψ → Λð→ nπ0ÞΛ̄ð→ p̄πþÞ
is characterized by five angles ξ ¼ ðθΛ; θn;ϕn; θp̄;ϕp̄Þ and
the four parameters ω ¼ ðαJ=ψ ;ΔΦ;α0; αþÞ, where θΛ is
the polar angle of Λ in the center-of-mass (c.m.) system of
J=ψ , and ðθn;ϕnÞ, ðθp̄;ϕp̄Þ are the polar and azimuthal
angles of the neutron and anti-proton in their respective
mother’s rest frames, defined in a right-handed system [35].
Two real parameters, αJ=ψ and ΔΦ, are defined as the
function of the helicity amplitude modulus and the helicity
phase difference of J=ψ → ΛΛ̄ [35]. Then the nonzero ΔΦ
indicates the presence of a transverse polarization between
Λ and Λ̄, which is perpendicular to the production plane
[36]. The α0 and αþ are the decay parameters of Λ → nπ0

and Λ̄ → p̄πþ, respectively. The joint angular distribution
of the decay is given by [35]

Wðξ;ωÞ ¼ F 0ðξÞ þ αJ=ψF 5ðξÞ þ α0αþ
h
F 1ðξÞ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2J=ψ

q
cosðΔΦÞF 2ðξÞ − αJ=ψF 6ðξÞ

i

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2J=ψ

q
sinðΔΦÞ½−α0F 3 þ αþF 4'; ð1Þ

where the angular functions F iðξÞ ði ¼ 0; 1;…; 6Þ are
described in Ref. [37]. In Eq. (1), the α0αþ terms arise
from Λ − Λ̄ spin correlations, while the α0 and αþ terms
reflect the transverse polarization of Λ and Λ̄, respectively.
Details of the BESIII detector are given in Refs. [38,39].

The corresponding simulation, analysis framework, and

software are presented in Refs. [40–44]. The Monte Carlo
(MC) samples were generated with Geant4-based [45]
software, which models the electron-positron collisions,
particle decays, and detector response. A generic J=ψ MC
sample, with statistics matching the data, was used to study
the potential background contribution. To eliminate exper-
imental bias, the analysis was performed blindly: the
central values of all parameters to be measured were kept
hidden [46] until the procedure is finalized. Signal MC
samples were used to validate the analysis approaches and
to study the systematic effects.
Two oppositely charged tracks are detected in the main

drift chamber (MDC). The p̄ and πþ candidates are
primarily selected as in Ref. [47]. A discrepancy between
data and MC simulation is observed in the Λ̄ polar angle
distribution, mainly due to the trigger efficiency in the
endcap region. To minimize this effect, we require the
absolute value of the cosine of the p̄ polar angle must be
less than 0.8. The Λ̄ candidate is reconstructed from the p̄
and πþ tracks via a vertex fit [48], and its invariant mass
must lie within five times its resolution, where the mass
resolution is determined in bins of the Λ̄ polar angle. The
decay length of the reconstructed Λ̄ is required to be
positive. To suppress backgrounds from J=ψ → Σ0Σ̄0,
Σ0Λ̄, γΛΛ̄, and γηc, which include a Λ̄ in their final state,
we furthermore require jMrec

Λ̄ −mΛj < 3σrecΛ̄ . Here, mΛ

refers to the nominal mass of Λ [49] and Mrec
Λ̄ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEcm − EΛ̄Þ2=c4 − P2

Λ̄=c
2

q
is the recoiling mass of the

Λ̄, obtained from the c.m. energy Ecm, as well as the energy
EΛ̄ and momentum PΛ̄ of the Λ̄ candidate from the vertex
fit. The resolution σrecΛ̄ is determined in bins of the Λ̄
polar angle.
At least two photon candidates are required in the

electromagnetic calorimeter (EMC). Neutral showers in
the EMC are primarily selected as in Ref. [26]. To veto the
showers from neutron (anti-neutron) interaction in the
EMC, since the angle between neutron (anti-neutron)
and ΛðΛ̄Þ is very small (less than 7°), the photon candidates
should be separated from theΛ (Λ̄) momentum direction by
more than 10° (15°), where the Λ (Λ̄) momentum direction
is opposite to that of Λ̄ (Λ). To further suppress the neutron-
induced shower, a boosted decision tree (BDT) classifier
[50] is constructed using shower shape variables including
deposited energy, number of hits, second moment, Zernike
moments, and deposition shape [26]. Photons matched to
truth information in signal MC are treated as signal, while
others are treated as background. A requirement on the
BDT output > 0.15 (0.10) is applied to ensure 90% signal
efficiency, with a corresponding 55% (45%) background
rejection efficiency. The π0 candidates are reconstructed
with a photon pair by performing a kinematic fit con-
straining their invariant mass to the π0 nominal mass. In
case of multiple π0 candidates from combinatorial effects,
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Λ̄ → n̄π0 were measured in the decay sequence J=ψ →
Ξ−Ξ̄þ → Λð→ nπ0Þπ−Λ̄ð→ p̄πþÞπþ and its charge conju-
gated channel [26]. ᾱ0 was also measured in J=ψ → Λð→
pπ−ÞΛ̄ð→ n̄π0Þ based on 1.3 billion J=ψ events [27], but its
precision is poor due to limited statistics. However, the
uncertainties in α0 and ᾱ0 remain substantially larger than
those for the charged modes, motivating further improve-
ment. The decay J=ψ → Λð→ nπ0ÞΛ̄ð→ p̄πþÞ and its
charge conjugated channel offer larger signal yields com-
pared to the previous mode J=ψ → Ξ−Ξ̄þ. Although the
reduced quantum correlation and polarization in this channel
partly offsets the statistical advantage, it still provides a
pathway toward more precise measurements of α0 and ᾱ0.
In this Letter, we present a full angular analysis of the

decay J=ψ → Λð→ nπ0ÞΛ̄ð→ p̄πþÞ and its charge conju-
gate, based on ð10 087$ 44Þ × 106 J=ψ events [34] col-
lected with the BESIII detector. The transverse polarization
of Λ and Λ̄ together with their spin correlation [27,28],
allow the angular distributions of both production and
decay processes to be described by an extended helicity
formalism [35]. Unless otherwise indicated, the Λ̄ → n̄π0

mode is implicitly included throughout this text.
The BESIII experiment provides a unique platform to

study hyperon production and decay properties in eþe−

annihilation to a ΛΛ̄ pair via the intermediate J=ψ
resonance. The decay chain J=ψ → Λð→ nπ0ÞΛ̄ð→ p̄πþÞ
is characterized by five angles ξ ¼ ðθΛ; θn;ϕn; θp̄;ϕp̄Þ and
the four parameters ω ¼ ðαJ=ψ ;ΔΦ;α0; αþÞ, where θΛ is
the polar angle of Λ in the center-of-mass (c.m.) system of
J=ψ , and ðθn;ϕnÞ, ðθp̄;ϕp̄Þ are the polar and azimuthal
angles of the neutron and anti-proton in their respective
mother’s rest frames, defined in a right-handed system [35].
Two real parameters, αJ=ψ and ΔΦ, are defined as the
function of the helicity amplitude modulus and the helicity
phase difference of J=ψ → ΛΛ̄ [35]. Then the nonzero ΔΦ
indicates the presence of a transverse polarization between
Λ and Λ̄, which is perpendicular to the production plane
[36]. The α0 and αþ are the decay parameters of Λ → nπ0

and Λ̄ → p̄πþ, respectively. The joint angular distribution
of the decay is given by [35]

Wðξ;ωÞ ¼ F 0ðξÞ þ αJ=ψF 5ðξÞ þ α0αþ
h
F 1ðξÞ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2J=ψ

q
cosðΔΦÞF 2ðξÞ − αJ=ψF 6ðξÞ

i

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − α2J=ψ

q
sinðΔΦÞ½−α0F 3 þ αþF 4'; ð1Þ

where the angular functions F iðξÞ ði ¼ 0; 1;…; 6Þ are
described in Ref. [37]. In Eq. (1), the α0αþ terms arise
from Λ − Λ̄ spin correlations, while the α0 and αþ terms
reflect the transverse polarization of Λ and Λ̄, respectively.
Details of the BESIII detector are given in Refs. [38,39].

The corresponding simulation, analysis framework, and

software are presented in Refs. [40–44]. The Monte Carlo
(MC) samples were generated with Geant4-based [45]
software, which models the electron-positron collisions,
particle decays, and detector response. A generic J=ψ MC
sample, with statistics matching the data, was used to study
the potential background contribution. To eliminate exper-
imental bias, the analysis was performed blindly: the
central values of all parameters to be measured were kept
hidden [46] until the procedure is finalized. Signal MC
samples were used to validate the analysis approaches and
to study the systematic effects.
Two oppositely charged tracks are detected in the main

drift chamber (MDC). The p̄ and πþ candidates are
primarily selected as in Ref. [47]. A discrepancy between
data and MC simulation is observed in the Λ̄ polar angle
distribution, mainly due to the trigger efficiency in the
endcap region. To minimize this effect, we require the
absolute value of the cosine of the p̄ polar angle must be
less than 0.8. The Λ̄ candidate is reconstructed from the p̄
and πþ tracks via a vertex fit [48], and its invariant mass
must lie within five times its resolution, where the mass
resolution is determined in bins of the Λ̄ polar angle. The
decay length of the reconstructed Λ̄ is required to be
positive. To suppress backgrounds from J=ψ → Σ0Σ̄0,
Σ0Λ̄, γΛΛ̄, and γηc, which include a Λ̄ in their final state,
we furthermore require jMrec

Λ̄ −mΛj < 3σrecΛ̄ . Here, mΛ

refers to the nominal mass of Λ [49] and Mrec
Λ̄ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEcm − EΛ̄Þ2=c4 − P2

Λ̄=c
2

q
is the recoiling mass of the

Λ̄, obtained from the c.m. energy Ecm, as well as the energy
EΛ̄ and momentum PΛ̄ of the Λ̄ candidate from the vertex
fit. The resolution σrecΛ̄ is determined in bins of the Λ̄
polar angle.
At least two photon candidates are required in the

electromagnetic calorimeter (EMC). Neutral showers in
the EMC are primarily selected as in Ref. [26]. To veto the
showers from neutron (anti-neutron) interaction in the
EMC, since the angle between neutron (anti-neutron)
and ΛðΛ̄Þ is very small (less than 7°), the photon candidates
should be separated from theΛ (Λ̄) momentum direction by
more than 10° (15°), where the Λ (Λ̄) momentum direction
is opposite to that of Λ̄ (Λ). To further suppress the neutron-
induced shower, a boosted decision tree (BDT) classifier
[50] is constructed using shower shape variables including
deposited energy, number of hits, second moment, Zernike
moments, and deposition shape [26]. Photons matched to
truth information in signal MC are treated as signal, while
others are treated as background. A requirement on the
BDT output > 0.15 (0.10) is applied to ensure 90% signal
efficiency, with a corresponding 55% (45%) background
rejection efficiency. The π0 candidates are reconstructed
with a photon pair by performing a kinematic fit con-
straining their invariant mass to the π0 nominal mass. In
case of multiple π0 candidates from combinatorial effects,
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where PyðθΛÞ represents the transverse polarization of Λ.
The quantity is evaluated acrossm ¼ 40 bins in cos θΛ. For
each bin k, containing Nk events, the index i denotes the
i-th event within it. Comparison of the data with the phase-
space (PHSP) MC sample reveals a significant polarization
of theΛ hyperons in J=ψ → ΛΛ̄ decays, as shown in Fig. 2,
where αJ=ψ ;ΔΦ and decay parameters are set to 0 of the
PHSP MC and values measured in the data of the signal
MC, respectively.
The sources of systematic uncertainties are separated

into four categories: event reconstruction, background
estimation, fit method, and residual data/MC discrepancy.
For event reconstruction, the effects from p, p̄, and π$

tracking, particle identification, and Λ=Λ̄ reconstruction
are evaluated with a control sample of J=ψ →
Λð→ pπ−ÞΛ̄ð→ p̄πþÞ. The π0 reconstruction efficiency
is studied with J=ψ → Σþð→ pπ0ÞΣ̄−ð→ p̄π0Þ, which

has a final-state topology similar to the signal. Selection-
related effects, such as the polar angle requirement of p̄, the
neutron invariant mass window, and the χ2 of the π0

kinematic fit, are estimated by varying their values around
the nominal ones and repeating the fits. Background-related
uncertainties are evaluated in two ways: a $1σ variation of
the combinatorial background yield in the fit, and the
inclusion of the dominant neglected background term, as
determined from MC simulation, in an alternative fit. The
uncertainty of fit method includes the fit procedure and
fixed parameter αJ=ψ. The former is tested with 50 sets of
toy MC samples generated using the best-fit parameters.
Since the input and output are consistent within statistical
fluctuations, no additional uncertainty is assigned to the fit
procedure. The latter is studied by repeating the fit with
αJ=ψ randomly varied within one standard deviation for 100
iterations. The standard deviation of the output is assigned
as the corresponding uncertainty. Finally, the residual data/
MC discrepancy is evaluated by reweighting the MC to
match the Λ̄ polar-angle distribution in data; the shift in the
fitted result is taken as the associated uncertainty. The
absolute contributions from various sources are summa-
rized in Table II. The total systematic uncertainty for each
parameter is obtained by summing these individual con-
tributions in quadrature.
Based on ð10 087$ 44Þ × 106 J=ψ events collected

with the BESIII detector, we perform a full angular analysis
of the decay J=ψ → Λð→ nπ0ÞΛ̄ð→ p̄πþÞ and its charge
conjugated mode. The neutral decay parameters α0 and ᾱ0
are consistent with previous measurements [26,27], with
precisions improved by 43% and 27%, respectively.
Compared with the Ref. [27], owing to the innovative
selection strategy, our results yield a factor of 2.3 enhance-
ment in selection efficiency. Compared with the Ref. [26],
thanks to fewer selection conditions and numerous effi-
ciency corrections, our systematic uncertainties have been
significantly improved, corresponding to a factor of 4.3
improvement in α0 and 2.3 improvement for ᾱ0. We also

FIG. 2. Distributions of μðcos θΛÞ as a function of cos θΛ. The
dots with error bars are data, the red solid lines are the signal MC
sample and the blue dashed line represent the distributions
without polarization from the PHSP MC sample. The red and
blue bands indicate the statistical uncertainties of signal MC and
PHSP MC samples, respectively. The distribution of χ ¼ ðμdata −
μMCÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2ðμdataÞ þ σ2ðμMCÞ

p
is shown at the bottom, where μdata

and μMC are the moments of data and signal MC sample, σ is the
corresponding statistical uncertainty.

TABLE I. Summary of the measured parameters. The first uncertainties are statistical and the second ones
systematic. The correlation coefficients are ρðα0; ᾱ0Þ ¼ −0.005 and ρðα−; αþÞ ¼ −0.026.

Parameter This Letter Previous result

ΔΦ (rad) 0.748$ 0.006$ 0.004 0.7521$ 0.0042$ 0.0066 [28]
α− 0.756$ 0.008$ 0.003 0.7519$ 0.0036$ 0.0024 [28]
αþ −0.764$ 0.008$ 0.001 −0.7559$ 0.0036$ 0.0030 [28]
α0 0.668$ 0.007$ 0.002 0.670$ 0.009þ0.009

−0.008 [26]
ᾱ0 −0.677$ 0.007$ 0.003 −0.668$ 0.008þ0.006

−0.008 [26]
A−
CP −0.005$ 0.007$ 0.002 −0.0025$ 0.0046$ 0.0012 [28]

A0
CP −0.006$ 0.007$ 0.002 0.001$ 0.009þ0.005

−0.007 [26]
hα0i 0.672$ 0.005$ 0.002 …
hα−i 0.760$ 0.006$ 0.002 0.7542$ 0.0010$ 0.0024 [28]
α0=α− 0.884$ 0.013$ 0.006 0.877$ 0.015þ0.014

−0.010 [26]
ᾱ0=αþ 0.885$ 0.013$ 0.004 0.863$ 0.014þ0.012

−0.008 [26]
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each bin k, containing Nk events, the index i denotes the
i-th event within it. Comparison of the data with the phase-
space (PHSP) MC sample reveals a significant polarization
of theΛ hyperons in J=ψ → ΛΛ̄ decays, as shown in Fig. 2,
where αJ=ψ ;ΔΦ and decay parameters are set to 0 of the
PHSP MC and values measured in the data of the signal
MC, respectively.
The sources of systematic uncertainties are separated

into four categories: event reconstruction, background
estimation, fit method, and residual data/MC discrepancy.
For event reconstruction, the effects from p, p̄, and π$

tracking, particle identification, and Λ=Λ̄ reconstruction
are evaluated with a control sample of J=ψ →
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is studied with J=ψ → Σþð→ pπ0ÞΣ̄−ð→ p̄π0Þ, which

has a final-state topology similar to the signal. Selection-
related effects, such as the polar angle requirement of p̄, the
neutron invariant mass window, and the χ2 of the π0

kinematic fit, are estimated by varying their values around
the nominal ones and repeating the fits. Background-related
uncertainties are evaluated in two ways: a $1σ variation of
the combinatorial background yield in the fit, and the
inclusion of the dominant neglected background term, as
determined from MC simulation, in an alternative fit. The
uncertainty of fit method includes the fit procedure and
fixed parameter αJ=ψ. The former is tested with 50 sets of
toy MC samples generated using the best-fit parameters.
Since the input and output are consistent within statistical
fluctuations, no additional uncertainty is assigned to the fit
procedure. The latter is studied by repeating the fit with
αJ=ψ randomly varied within one standard deviation for 100
iterations. The standard deviation of the output is assigned
as the corresponding uncertainty. Finally, the residual data/
MC discrepancy is evaluated by reweighting the MC to
match the Λ̄ polar-angle distribution in data; the shift in the
fitted result is taken as the associated uncertainty. The
absolute contributions from various sources are summa-
rized in Table II. The total systematic uncertainty for each
parameter is obtained by summing these individual con-
tributions in quadrature.
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with the BESIII detector, we perform a full angular analysis
of the decay J=ψ → Λð→ nπ0ÞΛ̄ð→ p̄πþÞ and its charge
conjugated mode. The neutral decay parameters α0 and ᾱ0
are consistent with previous measurements [26,27], with
precisions improved by 43% and 27%, respectively.
Compared with the Ref. [27], owing to the innovative
selection strategy, our results yield a factor of 2.3 enhance-
ment in selection efficiency. Compared with the Ref. [26],
thanks to fewer selection conditions and numerous effi-
ciency corrections, our systematic uncertainties have been
significantly improved, corresponding to a factor of 4.3
improvement in α0 and 2.3 improvement for ᾱ0. We also
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Parameter This Letter Previous result
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ᾱ0=αþ 0.885$ 0.013$ 0.004 0.863$ 0.014þ0.012

−0.008 [26]

PHYSICAL REVIEW LETTERS 136, 251802 (2026)

251802-4



Neutral Λ CP test and the ΔI = 1/2 rule

19

A⁰CP = (α₀ + ᾱ₀) / (α₀ − ᾱ₀)     CP conservation: ᾱ₀ = −α₀

A⁰ = −0.006 ± 0.007 ± 0.002ΛCP

Consistent with zero. Best neutral-Λ CP precision. Precision improves by ~30%

Neutral / charged decay-parameter ratios

Ratio Measurement Below 
unity

α₀ / α₋ 0.884 ± 0.013 ± 0.006 8.1σ

ᾱ₀ / α₊ 0.885 ± 0.013 ± 0.004 8.5σ

Pure ΔI = 1/2 predicts unity (isospin limit)
The deviations establish ΔI = 3/2 contributions

Interpretation

SM estimates:
|AΛCP| ≲ 3 × 10⁻⁵

Current precision remains
well above this scale

ΔI = 3/2 terms matter for
reliable predictions

Phys. Rev. Lett. 136, 251802 (2026) 



Λ EDM and CP symmetry
A permanent EDM violates P and T


Assuming CPT invariance, an EDM also signals 
CP violation


Hyperons probe CP-violating interactions 
involving strange quarks


Their short lifetimes make conventional spin-
precession measurements difficult

20

Science 393, 1027–1030 (2026)

e⁺e⁻ → J/ψ → ΛΛ̄ → (pπ⁻)(p̄π⁺)

Spin precession in an
external field

Entangled 𝚲𝚲 
angular analysis

The entangled pair provides correlated spin information, which the weak decays reveal through 
angular distributions


Exploiting both polarization and spin correlations maximizes sensitivity to the EDM



EDM sensitivity from entangled ΛΛ̄ pairs

Parity and CP symmetry in ΛΛ pair production are 
characterized by the form factors FA and HT


A blind five-angle likelihood fit extracts the complex 
CP-violating form factor HT


A CP-odd triple product sensitive to HT

21

~3M candidates - 99.9% purity from 10 billion J/ψ decays

O = (lp̂ × lp̂̄) · kΛ̂

Measurement at q² = m²J/ψ. EDM conversion neglects q² dependence

RESEARCH ARTICLES

Science 3 SEPTEMBER 2026 1030

Tau- Charm Factory (34), substantially larger data samples could 
improve the sensitivity to the Λ EDM by one to two orders of mag-
nitude (23).
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Fig. 3.  Visualization of the EDM effect and constraints on the parameter space of 𝛉 and ds. (A) Projection of the CP asymmetry used to visualize the EDM effect. The black 
data points represent the projection based on the nominal fit to the data, where HT is consistent with zero within uncertainties. The red data points correspond to the projection 
under a scenario with a significant nonzero EDM, where HT deviates from zero by 10 standard deviations, corresponding to ||dΛ|| = 4.2 × 10

−18 e cm. The blue dashed line 
shows the projection assuming a strict zero EDM. (B and C) Constraints on the parameter space of θ and ds for scenarios with (B) and without (C) SU(3) flavor symmetry, 
respectively. Note that the units of the x and y axes differ between (B) and (C). Breaks are introduced in the y axes due to their large disparity. The pink region denotes the 
parameter space excluded by Λ EDM measurements, the yellow denotes that excluded by the current upper limit on the neutron EDM, ||dn|| < 1.8 × 10

−26 e cm (6), and the 
orange denotes that excluded by their combined constraints. The unshaded region denotes the parameter space that remains unconstrained.
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Measurement of the Λ electric 
dipole moment with an entangled 
baryon- antibaryon system
BESIII Collaboration†

The dominance of matter over antimatter in the Universe has 
consistently driven the pursuit of new physics beyond the 
Standard Model that violates charge- parity symmetry. Strange 
baryons (hyperons) remain a largely unexplored territory in 
which interactions between hyperons and particles from new 
physics could induce a nontrivial electric dipole moment (EDM). 
However, direct measurements of hyperon EDMs through spin 
precession are highly challenging owing to their short lifetimes. 
In this work, we introduce a method to extract the EDM of the 
lightest hyperon, Λ, using the entangled ΛΛ system. Our result 
is consistent with zero, achieving a three- orders- of- magnitude 
improvement over the previous upper limit established in the 
1980s with comparable statistics, providing stringent 
constraints on potential new physics.

The existence of a nonzero electric dipole moment (EDM) in a particle sig-
nals the violation of time- reversal (T) symmetry and, consequently, charge-  
parity (CP) symmetry, assuming the combined CPT symmetry holds. The 
amount of CP violation (CPV) in the Standard Model (SM), arising from 
a complex phase in the quark mixing matrix and the quantum chromo-
dynamics (QCD) vacuum angle θ, is insufficient to explain the domina-
tion of matter over antimatter in the Universe (1, 2). The measurement of 
EDMs, which are highly sensitive probes for physics beyond the SM (BSM) 
in the multi- 1014 electron volt mass range, has been conducted across a 
wide variety of particles, atoms, and molecules (3–12). However, no EDM 
signal has been observed experimentally to date. The underlying interac-
tions can be expressed by the effective Lagrangian (13)

which encodes the contributions to CP violation and EDMs in the SM and 
beyond. Here, αs is the strong coupling constant, Fμv and Gμv = Ga

μv
Ta rep-

resent the strength of electromagnetic and gluonic fields, respectively. The 
parameters dq and d̃q correspond to the EDM and chromo- EDM (cEDM) 
of the quarks, respectively, with the latter arising from CP- violating interac-
tions between the quarks and gluons. The parameters in Eq. 1 can 
be constrained from the measurements of EDM in different systems. 
Systematic searches in baryon systems could provide insights into the QCD 
vacuum and, in conjunction with leptons (3–5), are essential for uncovering 
BSM physics (14). An unexpectedly large EDM resulting from interactions 
between strange quarks in hyperons and new particles could indicate spe-
cific types of BSM physics. To achieve a comprehensive understanding of 
the fundamental laws of physics, a global analysis of EDM searches across 
various systems, simultaneously constraining the parameters of a general 
theory integrating SM and BSM physics, requires experimental input from 
hyperons, baryons containing at least one strange quark (13, 15).

The interaction between the spin of a hyperon and an external elec-
tromagnetic field induces a precession effect, which can be used to 
directly measure the hyperon’s EDM (Fig. 1A). This approach has been 

widely used for EDM measurements of electrons, neutrons, and protons 
but remains challenging for short- lived particles, such as hyperons. In 
addition to their short lifetime, producing a well- polarized particle 
source is difficult. To date, the Λ, the lightest hyperon, is the only hy-
peron whose EDM has been measured; no other EDM measurements 
have been conducted in the hyperon sector, although some have been 
proposed (16–18). The most stringent upper limit on the Λ hyperon 
EDM, 1.5 × 10%16 e cm, was established in 1981 at Fermilab (9). This study 
also highlighted several challenges that limited further improvements 
in sensitivity. Although increasing the signal yield, optimizing the Λ po-
larization, and extending the effective magnetic field coverage could 
enhance precision, reference (9) suggested that the spin- precession 
technique would be difficult to push beyond the 10%18 e cm level.

In this study, we present an alternative approach in which the spin- 
entangled ΛΛ pair is produced through the process e+e− → J ∕ψ → ΛΛ, 
where J/ψ  is a charmonium state composed of a charm quark and an 
anticharm quark. The subtle difference between the angular distribu-
tions of the Λ and Λ can be used to access the  EDM. Within the SM, the 
interaction between the J/ψ and the ΛΛ pair involves the strong force, 
quantum electrodynamics, and the weak force. The dominant contribu-
tion comes from nonperturbative QCD. Because the Λ is not a point- like 
particle, its internal structure and the aforementioned interactions are 
encapsulated in form factors, which depend on the production energy 
of the ΛΛ. The violations of parity and CP symmetry in ΛΛ pair produc-
tion are characterized by the form factors FA and HT, respectively, and 
can originate from various sources. Here, subscripts A and T represent 
axial and tensor structures. As discussed in (19–22), the form factor FA 
arises from the parity- violating decay of the J/ψ through intermediate 
Z-  and W- boson exchanges, whereas the CP- violating form factor HT is 
expected to be dominated by contributions from the Λ EDM through 
virtual- photon exchange between the J/ψ and the ΛΛ pair (Fig. 1B). The 
form factor HT can be related to the Λ EDM (dΛ) while neglecting its 
dependence on the production energy (22),

Here, e denotes the magnitude of the electron charge, gV is deter-
mined from the measured branching fraction of J ∕ψ → e+e− (19), and 
mJ∕ψ represents the mass of J/ψ. Parity symmetry is violated in both 
the production and decay of the J/ψ meson owing to weak force con-
tributions. In the production process, the weak interaction in electron- 
positron annihilation induces a small longitudinal polarization, PL. 
The polarization PL and the parity- violating form factor FA are pre-
dicted to be of the order of 

(
10
−4
)
 and 

(
10
−6
)
, respectively (21, 22).

The extraction of dΛ through the CP- violating form factor HT in 
e+e− → J ∕ψ → ΛΛ  decays was first proposed in (19, 20). We implemented 
this idea in our experiment by using the process e+e− → J ∕ψ → ΛΛ, with 
Λ
(
Λ
)
 decaying to proton p (antiproton p) and charged pion π% (π+). This 

approach (23) utilizes the differential decay probability, derived from 
the full angular distributions of the production and decay of the spin- 
entangled ΛΛ system. The entanglement, arising from angular momen-
tum conservation, enables a highly sensitive probe of the EDM. The EDM 
effect, which manifests as a difference in the angular distributions of 
entangled Λ and Λ baryons, can be visualized through the projection of 
the triple- product asymmetry (TPA), O ≡

(
l̂p× l̂p

)
⋅ k̂, which is propor-

tional to the real part of the form factor HT (21, 22). In this case, l̂p
(
l̂p

)
 

and ̂k represent the unit momentum of the proton (antiproton) in the rest 
frame of the Λ

(
Λ
)
 and the unit momentum of Λ in the center- of- mass 

frame of the e+e%  system, respectively.

Experimental overview
We selected 3 million high- purity ΛΛ pairs from a dataset of 10 billion 
J/ψ events collected at BESIII in 2009, 2012, and 2017 to 2019 (24). The 
signal events were selected through a stringent procedure: Charged 

L=−
αs
8π
θTr

[
G
μv
G̃μv

]
−

i

2

∑
q
, dqqFμvσ

μvγ5q−
i

2

∑
q
d̃qqG

a

μv
T
aσμvγ5q

 (1)

HT =
2e

3m2

J∕ψ

gVdΛ  (2)

Corresponding author: Jianyu Zhang (besiii-publications@ihep.ac.cn) †BESIII Collabora-
tion collaborators and affiliations are listed in the supplementary materials.
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Data follow the null-EDM expectation; a non-zero
EDM would generate a visible asymmetry

Phys. Lett. B 839, 137834 (2023)

e⁺e⁻ → J/ψ → ΛΛ̄ → (pπ⁻)(p̄π⁺)

Science 393, 1027–1030 (2026)



Λ EDM result and sensitivity to 
strange-quark CPV

Complementary to neutron EDM 
searches. The Λ adds sensitivity to 
strange-quark CP-violating interactions


Statistics dominate. Extensions to Ξ 
and Σ are possible

22

|dΛ| < 7.0 × 10⁻¹⁹ e cm   (95% CL)

Component Result [10⁻¹⁹ e cm]
Re(dΛ) −3.1 ± 3.2 ± 0.5
Im(dΛ) +2.9 ± 2.6 ± 0.6

No significant CP-violating signal

Previous quoted bound: 1.5 × 10⁻¹⁶ e cm (1981)

Science 393, 1027–1030 (2026)



Λ semileptonic decay with entangled 
hyperons

10.087 × 10⁹ J/ψ events - 1854 ± 49 signal decays


Double tag technique


Hadronic tag fixes the recoil four-momentum and 
reconstructs the missing neutrino

23

J/ψ → ΛΛ̄,   Λ → p e⁻ ν̄ₑ,   Λ̄ → p̄ π⁺   (+ c.c.)

Analysis results [arXiv:2509.09266]

First measurement of absolute branching fraction

B(! → pe
→
ω̄e) = (8.16± 0.22± 0.15) · 10→4

Consistent with world averaged B(! → pe
→
ω̄e) = (8.34± 0.14) · 10→4 [PDG2024]

Joint angular distribution allowed to extract two sets:

Observable This work Previous result Refs.
g
→
av 0.742+0.075

→0.057
± 0.009 0.718± 0.015 [PDG2024]

g
+
av ↑0.706+0.069

→0.073
± 0.014 ↑

↓gav↔ 0.729+0.048

→0.047
± 0.007 ↑

g
→
w 0.93± 0.51± 0.17 0.15± 0.30 [FNAL,1990]

g
+
w 0.89± 0.49± 0.20 ↑

↓gw↔ 0.89± 0.35± 0.14 ↑

↓gav↔ 0.706+0.089

→0.086
↑

↓gw↔ 0.77+0.53

→0.49
↑

↓gav2↔ ↑0.19+0.65

→0.63
↑





g2 = 0



 g2 ↗= 0

→ ↑gi↓ is measured for both ! ↔ pe
↑
ω̄e and !̄ ↔ p̄e

+
ωe, assuming g

↑
avi

= →g
+
avi

, g
↑
w = g

+
w

→→
εω , ”# and ε!,!̄ are fixed to [PRL129(2022)131801]
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Our results are based on the (10.087 ± 0.044) × 109 J/ψ events col-
lected with the multipurpose detector Beijing Spectrometer III (BESIII; 
ref. 37). The J/ψ resonance decays into a ΛΛ̄ pair with a probability of 
(1.89 ± 0.09) × 10%3 (ref. 4). All final-state particles except the neutrino 
are electrically charged and can therefore be reconstructed in the mul-
tilayer drift chamber (MDC), in which a superconducting solenoid 
provides a magnetic field enabling momentum determination with an 
accuracy of 0.5% at 1.0 GeV c%1. The semileptonic and hadronic Λ (Λ̄) 
candidates are identified by combining pe (p̄e )% +  pairs and p̄π (pπ )+ % , 
respectively. To obtain electrons/positrons with sufficient quality, 
their momenta were required to be larger than 0.1 GeV c%2. The semi-
leptonic decays are identified using the variable U E c p= % ⋅ | |miss miss miss

⃗ , 
in which Emiss and pmiss

⃗  denote the missing energy and momentum of 
the semileptonic decay, respectively. For candidates of semileptonic 
decay, the Umiss distribution is uniformly distributed around zero, 
whereas the hadronic Λ background features a right-skewed distribu-
tion that peaks at Umiss ( 0.022 GeV. The signal yield is determined from 
an extended unbinned maximum likelihood fit38 of the Umiss distribution, 
shown in Fig. 3, which combines both νΛ ) pe ¯%

e and νΛ̄ ) p̄e+
e. The sig-

nal shape is described using Monte Carlo (MC) simulation convoluted 
with a Gaussian function to account for the resolution differences 
between data and MC. The shape of the dominant background contri-
bution, Λ ) pπ%, is obtained using the corresponding MC sample, 
whereas the rest of the background contribution is described by a lin-
ear function. The yields and the parameters of the Gaussian and linear 
functions are floated in the fit. More details of the selection and analy-
sis procedure are given in Methods.

For the determination of the semileptonic absolute branching  
fraction, we use the double-tagging technique, as pioneered in the  
MARK-III experiment39. A double-tag event means that one Λ is recon-
structed as νΛ ) pe ē and the antihyperon partner as Λ̄ ) p̄π+. The tech-
nique also requires knowledge of the single-tag sample, which means 
that only one side is reconstructed as Λ̄ ) p̄π+. It has the extra advantage 
that the four-momentum transfer q2 can be reconstructed unambigu-
ously40. A more detailed account of the technique is provided in Meth-
ods. The branching fraction of the semileptonic decay of the Λ is 
determined from 

ν
N
"

"
N

(Λ ) pe ¯ ) = , (4)%
e

DT

DT

ST

ST


in which NDT and "DT are the semileptonic event yield and detection 
efficiency in the double-tagging sample, respectively, and NST and "ST 

are the event yield and detection efficiency obtained using the single-
tagging sample. The single-tagging yield and efficiency are determined 
using the same methods from ref. 41, in which they are obtained from 
a fit to the invariant mass distribution of the single-tagging candidate 
distribution. These are found to be NST = (14.328 ± 0.005) × 106 and 
"ST = (54.09 ± 0.01)%, respectively. The signal event yield, NDT = 1,854 ± 49, 
is obtained from the fit in Fig. 3. The double-tagging detection effi-
ciency, "DT = (8.58 ± 0.01)%, is determined from a dedicated simulated 
sample including the production and decay dynamics of the full pro-
cess. Equation (4) yields ν(Λ ) pe ¯ ) = (8.16 ± 0.22 ± 0.15) × 10%

e
%4 , in 

which the first uncertainty is statistical and the second is systematic, 
discussed in Methods. This is in agreement with the world average 
 ν(Λ ) pe ¯ ) = (8.34 ± 0.14) × 10%

e
%4 (ref. 4).

Whereas the branching fraction determination requires only yields 
and efficiencies, the extraction of the form factors requires a detailed 
understanding of the decay kinematics. To increase the sample purity, 
we retain only events with |Umiss| < 0.02 GeV, resulting in 1,791 ± 47 signal 
and 207 ± 30 background events. From these events, we reconstruct 
the kinematic variables ξ and determine the transition form factors in 
ω using an unbinned maximum log-likelihood fit that accounts for the 
multidimensional reconstruction efficiency. In contrast to previous 
measurements8–10, we can exploit the fact that the Λ is produced along 
with a Λ̄ to our advantage. On an event-by-event basis, it allows us to 
fully reconstruct the kinematics of the semileptonic decay, whereas 
globally, it provides detailed information on the production mechanism 
of the quantum-entangled Λ % Λ̄ pair. The Λ polarization and the spin 
correlations between the pair are uniquely determined by the two pro-
duction parameters, αψ and *Φ. These, along with the two decay param-
eters, α% and α+, have already been precisely measured using the same 
dataset in refs. 36,42. Therefore, the free physics parameters in ω are 
reduced to three from six—the couplings gav, gw and gav2. These couplings 
can therefore be determined with optimal precision, even with a rela-
tively modest data sample. The details of the maximum log-likelihood 
fit procedure and the systematic uncertainties are described in Methods.

The final results for the axial-vector and weak-magnetism couplings 
are summarized in Table 1. They are determined separately for the e± 
semileptonic channels and simultaneously by assuming g g= %i i

% + , 
i = {av, av2} and g g=w

%
w
+. Two results are provided: one in which the 
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Fig. 3 | The Umiss distribution of νΛ → pe ¯−
e and νΛ → pe¯ ¯ +

e candidates. The points 
with error bars represent the observed number of events in each bin, with 
statistical uncertainties. The solid blue line shows the total fit, which includes 
the signal candidates (solid red line), the dominant background (dashed red 
line) and the other background contributions (long-dashed black line).

Table 1 | Summary of the results

Observable This work Previous result References

ν(Λ pe ¯ )e) % (8.16 ± 0.22 ± 0.15) × 10−4 (8.34 ± 0.14) × 10−4 4
%gav 0.742 0.0090.057

0.075 ±%
+ 0.718 ± 0.015 4

+gav 0.706 0.0140.069
0.073% ±%

+ –

+gav, 0.729 0.0070.047
0.048 ±%

+ –
%gw 0.93 ± 0.51 ± 0.17 0.15 ± 0.30 10
+gw 0.89 ± 0.49 ± 0.20 –

+gw, 0.89 ± 0.35 ± 0.14 –

|Vus|SU(3) 0.2194 ± 0.0094 0.2224 ± 0.0034 7,31

|Vus|LQCD 0.2339 ± 0.0041

V f g| | 3us 1
2

1
2⋅ + 0.4496 ± 0.0075 –

+gav, 0.706 0.0260.086
0.089 ±%

+ –

+gw, ±%
+0.77 0.140.49

0.53 –

+gav2, 0.19 0.180.63
0.65% ±%

+ –

The branching fraction  of νΛ pe ¯e) %  and form-factor ratios for ) % % %ν g gΛ pe ¯ ( , )e av w , 
) + + +ν g gΛ̄ p̄e ( , )e av w  and the average +gav, and +gw, with the constraint that gav2 = 0, in which the 

first and second uncertainties are statistical and systematic, respectively; the value of |Vus| 
within the SU(3) symmetry limit and with the lattice QCD prediction, the product of the |Vus| 
and the form factors V f g| | 3us 1

2
1
2⋅ + , in which the uncertainties are total uncertainties 

calculated as a sum in quadrature of the individual uncertainties; the average +gav, and +gw, 
with the average +gav2, result with statistical and systematic uncertainties, respectively.



Form factors of the charged weak 
current

First determination of g₂/f₁ in Λ 
semileptonic decay


Consistent with zero, as 
expected in the exact SU(3) limit

24

Analysis results [arXiv:2509.09266]

First measurement of absolute branching fraction

B(! → pe
→
ω̄e) = (8.16± 0.22± 0.15) · 10→4

Consistent with world averaged B(! → pe
→
ω̄e) = (8.34± 0.14) · 10→4 [PDG2024]
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Observable This work Previous result Refs.
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g
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g
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→0.086
↑
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→0.49
↑

↓gav2↔ ↑0.19+0.65

→0.63
↑





g2 = 0



 g2 ↗= 0

→ ↑gi↓ is measured for both ! ↔ pe
↑
ω̄e and !̄ ↔ p̄e

+
ωe, assuming g

↑
avi

= →g
+
avi

, g
↑
w = g

+
w

→→
εω , ”# and ε!,!̄ are fixed to [PRL129(2022)131801]
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Form factors: f1, f2, f3, g1, g2, g3

g1/f1
f2/f1
g2/f1



An independent determination of |Vᵤₛ|
Assume SU(3) is conserved,   [PRL92(2004)251803]


Using LQCD FF prediction [PRL135(2025)231901]

f1 = − 3/2

25
Nature 657, 92–97 (2026)

|Vus |SU(3) = 0.2194 ± 0.0036BESIII−BF ± 0.0087BESIII−FF ± 0.0004τΛ
± 0.0005RC

|Vus |LQCD = 0.2339 ± 0.0038BESIII−BF ± 0.0004τΛ
± 0.0006RC ± 0.0011LQCD

compatible with CKM 
unitarity within 1.4σ



SUB-GEV DARK 
MATTER SEARCHES

Dark matter (DM) is one of the strongest pieces of 
evidence for physics BSM


Complementary searches across different energy 
scales are essential to reveal the particle nature of 
dark matter


Many models predict light dark matter


Experimentally challenging for conventional 
direct-detection experiments


Electron-positron colliders provide unique sensitivity

26



Search for 𝜼 → 𝝅𝟎 + 𝒊𝒏𝒗𝒊𝒔𝒊𝒃𝒍𝒆

~𝟐×𝟏𝟎𝟔 𝜼 from 𝐽/𝜓 → 𝜙𝜂 → 𝐾+𝐾-𝜂 based on (10087 ± 44)×106 𝐽/𝜓


On-shell 𝑆 → 𝜒 𝜒̅, 𝑚S: ~𝟎 to 𝟒𝟎𝟎 𝐌𝐞𝐕


The K⁺K⁻ recoil tags the η


Reconstruct π⁰ → γγ and veto extra activity

27

predominantly decay into a χχ̄ pair, with an invisible
branching fraction (BF) of approximately 100%. The
J=ψ → ϕη channel is chosen to select the η sample due
to its low background and high production yield. The signal
event candidates are first selected via J=ψ → ϕη, with ϕ →
KþK− and η tagged inclusively via the recoil. This data
sample is designated the η inclusive decay tag (IDT)
sample. Subsequently, candidates for η → π0S are searched
for in the selected IDT sample, where π0 decays to γγ and S
is invisible. The BF of η → π0S is calculated as

Bðη → π0SÞ ¼
Nsig

Bðπ0 → γγÞNIDT ϵ̂
; ð1Þ

where Nsig is the signal yield of η → π0S in data, ϵ̂ is its
signal efficiency over the IDT selection evaluated on the
signal MC simulation sample, Bðπ0 → γγÞ is the BF of
π0 → γγ [42], and NIDT is total number of η mesons in the
IDT sample.
Details about the BESIII detector design and perfor-

mance are provided elsewhere [43]. The Monte Carlo (MC)
simulated data samples, as described in Ref. [44], are used
to determine the detection efficiencies and estimate the
background contributions. The signal MC samples for
the two-body process η → π0S are generated under the
assumption that the angular distribution of the final
particles is uniform, with S for different mass hypotheses
from 0 to 400 MeV=c2 in steps of 10 MeV=c2. In this
Letter, the result of mS ¼ 0 MeV=c2 applies to the case
of mS ≪ 10 MeV=c2.
The selection criteria for the IDT sample are as follows.

The charged track selection criteria follow those established
in Ref. [44]. Particle identification for charged tracks
combines the measured information in the multilayer drift
chamber, time-of-flight system, and electromagnetic calo-
rimeter. The combined likelihoods [LðiÞ] under different
particle i (i ¼ e; μ; π, and K) hypotheses are obtained.
Kaon candidates are required to satisfy LðKÞ > 0 and
LðKÞ > LðxÞ (x ¼ e, μ, π). At least two charged tracks
identified as kaons with opposite charges are required. The
invariant mass of selected two kaons is required to lie
within the ϕ mass region of ½1.00; 1.04& GeV=c2. To select

η candidates, the recoiling mass of KþK− must fall into the
region of 0.45 GeV=c2 < Mrecoil

KK < 0.65 GeV=c2. To
improve the momentum resolution of the reconstructed
kaons, a kinematic fit is performed [45], constraining the
recoiling mass of KþK− to the nominal mass of η [42]. If
there are multiple KþK− combinations, the one with the
minimal χ2 value from the kinematic fit is selected as the
KþK− candidate.
The IDT yield is extracted from a binned extended

maximum likelihood fit to the distribution of Mrecoil
KK . In

the fit, the signal shape is described by PDF IDT
sig ⊗

GðμIDT; σIDTÞ þ f ×Gðμ0; σ0Þ, where PDF IDT
sig is the signal

probability density function of Mrecoil
KK derived from the

signal MC simulation. GðμIDT; σIDTÞ is a Gaussian function
with free parameters to describe the resolution difference
between data and MC simulation, and Gðμ0; σ0Þ is another
Gaussian function used to improve the fit quality, with free
parameters and coefficient f representing the proportion
between two terms of signal shape. The background shape
is described with a second-order polynomial function. The
fit result is shown in Fig. 2; the fit returns a IDT yield of
NIDT ¼ ð2185.3' 3.4Þ × 103. This yield includes a small
contribution from η events arising from eþe− → KþK−η
without the involvement of J=ψ or ϕ, which are also
utilized in the search for η → π0S.
The process of interest, η → π0S with π0 → γγ and

invisible S, is further searched for in the IDT sample.
The number of the charged tracks is required to be exactly
two. At least two photon candidates are required, with the
same identification criteria as in Ref. [44]. The invariant
mass of the two selected photons, denoted as Mγγ, is
required to be in the region of ½0.115; 0.150& GeV=c2. To
improve the momentum resolution of the reconstructed

FIG. 1. Feynman diagrams for the DM-nucleon scattering (a)
and the η → π0S → π0χχ̄ decay (b). gu, gd, and gχ are the
coupling strengths, which will be discussed in Eq. (3). gN is
the effective coupling strength, which is a function of gu or gd, as
will be discussed in Eq. (5).

FIG. 2. Fit to the Mrecoil
KK distribution. The black points are the

data sample, the red dashed line is the fit result, the green solid
line is the η signal, the blue dashed line is the background. The
black arrows indicate the selected region of Mrecoil

KK .
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signal efficiency over the IDT selection evaluated on the
signal MC simulation sample, Bðπ0 → γγÞ is the BF of
π0 → γγ [42], and NIDT is total number of η mesons in the
IDT sample.
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mance are provided elsewhere [43]. The Monte Carlo (MC)
simulated data samples, as described in Ref. [44], are used
to determine the detection efficiencies and estimate the
background contributions. The signal MC samples for
the two-body process η → π0S are generated under the
assumption that the angular distribution of the final
particles is uniform, with S for different mass hypotheses
from 0 to 400 MeV=c2 in steps of 10 MeV=c2. In this
Letter, the result of mS ¼ 0 MeV=c2 applies to the case
of mS ≪ 10 MeV=c2.
The selection criteria for the IDT sample are as follows.

The charged track selection criteria follow those established
in Ref. [44]. Particle identification for charged tracks
combines the measured information in the multilayer drift
chamber, time-of-flight system, and electromagnetic calo-
rimeter. The combined likelihoods [LðiÞ] under different
particle i (i ¼ e; μ; π, and K) hypotheses are obtained.
Kaon candidates are required to satisfy LðKÞ > 0 and
LðKÞ > LðxÞ (x ¼ e, μ, π). At least two charged tracks
identified as kaons with opposite charges are required. The
invariant mass of selected two kaons is required to lie
within the ϕ mass region of ½1.00; 1.04& GeV=c2. To select

η candidates, the recoiling mass of KþK− must fall into the
region of 0.45 GeV=c2 < Mrecoil

KK < 0.65 GeV=c2. To
improve the momentum resolution of the reconstructed
kaons, a kinematic fit is performed [45], constraining the
recoiling mass of KþK− to the nominal mass of η [42]. If
there are multiple KþK− combinations, the one with the
minimal χ2 value from the kinematic fit is selected as the
KþK− candidate.
The IDT yield is extracted from a binned extended

maximum likelihood fit to the distribution of Mrecoil
KK . In

the fit, the signal shape is described by PDF IDT
sig ⊗

GðμIDT; σIDTÞ þ f ×Gðμ0; σ0Þ, where PDF IDT
sig is the signal

probability density function of Mrecoil
KK derived from the

signal MC simulation. GðμIDT; σIDTÞ is a Gaussian function
with free parameters to describe the resolution difference
between data and MC simulation, and Gðμ0; σ0Þ is another
Gaussian function used to improve the fit quality, with free
parameters and coefficient f representing the proportion
between two terms of signal shape. The background shape
is described with a second-order polynomial function. The
fit result is shown in Fig. 2; the fit returns a IDT yield of
NIDT ¼ ð2185.3' 3.4Þ × 103. This yield includes a small
contribution from η events arising from eþe− → KþK−η
without the involvement of J=ψ or ϕ, which are also
utilized in the search for η → π0S.
The process of interest, η → π0S with π0 → γγ and

invisible S, is further searched for in the IDT sample.
The number of the charged tracks is required to be exactly
two. At least two photon candidates are required, with the
same identification criteria as in Ref. [44]. The invariant
mass of the two selected photons, denoted as Mγγ, is
required to be in the region of ½0.115; 0.150& GeV=c2. To
improve the momentum resolution of the reconstructed

FIG. 1. Feynman diagrams for the DM-nucleon scattering (a)
and the η → π0S → π0χχ̄ decay (b). gu, gd, and gχ are the
coupling strengths, which will be discussed in Eq. (3). gN is
the effective coupling strength, which is a function of gu or gd, as
will be discussed in Eq. (5).

FIG. 2. Fit to the Mrecoil
KK distribution. The black points are the

data sample, the red dashed line is the fit result, the green solid
line is the η signal, the blue dashed line is the background. The
black arrows indicate the selected region of Mrecoil
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A narrow S would appear as a peak in the 
missing-mass-squared spectrum


Maximum significance <2  @ 240 MeV/c2σ

photons, a kinematic fit is performed [45], constraining the
invariant mass of γγ to the nominal mass of π0 [42]. If there
are multiple γγ combinations, the one with the minimal χ2

value from the kinematic fit is selected as the π0 candidate.
To suppress the background with additional photons or
π0’s, the total energy of photon candidates other than those
from π0 (Etot

oth: γ) is required to be less than 0.1 GeV. To
reduce potential background particles flying to the end cap
of the detector that cannot be effectively detected [46,47],
the cosine of the recoiling angle of KþK−π0 (cos θrecoilKþK−π0)
is required to lie within the region of ½−0.7; 0.7#.
The remaining background contributions, such as

J=ψ → γηc → γKþK−π0, J=ψ → ϕη → KþK−π0π0π0,
among others, are suppressed with a requirement on the
invariant mass of KþK−π0, MKþK−π0 . The selection criteria
are optimized using the Punzi-optimization method [48]
based on the MC samples to maximize the signal-to-noise
ratio. The S signals with different masses are anticipated
to exhibit distinct distributions of MKþK−π0 , and the
optimized selection criteria are expected to differ accord-
ingly. For S with masses in the ranges of ½0.165Þ MeV=c2,
½165; 305Þ MeV=c2, and ½305; 400# MeV=c2, the MKþK−π0

criteria are set to be less than 2.7, 2.15, and 2.0 GeV=c2,
and the selected samples are called Type I, II, and III,
respectively. With the above selection criteria, the signal
efficiency is estimated from the signal MC samples,
varying from 17.55% to 44.28% for S with different
masses.
The number of signal events of η → π0S is extracted

from an unbinned extended maximum likelihood fit to the
distribution of the square of the missing mass, defined as,

M2
miss ¼ ðEc:m:s: −

X

i

EiÞ2=c4 −
!X

i

P⃗i

"
2
=c2; ð2Þ

where Ec:m:s:. is the center-of-mass energy, and Ei (P⃗i)
represents the energy (momentum) of particle i from the

kinematic fit in the center-of-mass frame, with
i ¼ Kþ; K−; π0. The distributions of M2

miss for the three
types of selected candidates are shown in Fig. 3. In the fit,
the signal shape is described by the simulated shape
convolved with a Gaussian resolution function Gðμ; σÞ,
where μ and σ are constrained (referred to as the Gaussian
constraint) to the values estimated from the control sample
of J=ψ → ϕη → KþK−γγ. The decay width of S, domi-
nated by S → χχ̄, is neglected compared to the experimen-
tal resolution. The background shape is described with a
first-order polynomial function for the selected sample of
Type I and with a second-order polynomial function for the
selected samples of Type II and III. The signal and the
background yields are all free in the fit.
The fit results are presented in Fig. 3, with examples for

the masses of S set to 0 MeV=c2 (a), 240 MeV=c2 (b), and
360 MeV=c2 (c). The maximum signal significance
(mS ¼ 240 MeV=c2) is found to be less than 2σ, indicating
that no significant signal candidates have been observed.
The signal significance is calculated by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 lnðL=L0Þ

p
,

where L is the maximum likelihood obtained from the
fit, and L0 is the maximum likelihood for Nsig ¼ 0.
The systematic uncertainties associated with the IDT

yield are discussed below. The uncertainty from the IDT
selections can be canceled in this analysis. The statistical
uncertainty of the IDTyield is assigned as 0.2%. In the fit to
the Mrecoil

KK distribution, the systematic uncertainty from the
signal shape is estimated by changing the additional
Gaussian function to a double Gaussian function in the
signal shape. The systematic uncertainty arising from
the background shape is estimated by replacing the shape
of the second-order polynomial function with the third-
order one. The systematic uncertainty from the binned fit is
assessed by using varying bin sizes. The change in the
fitting result for the former case, 0.6%, is taken as the
corresponding systematic uncertainty, while the changes
for the latter two cases are negligible. The total uncertainty
of the IDT yield is determined to be 0.7%.

FIG. 3. Fits to theM2
miss distributions of the selected samples of Type I (a), Type II (b), and Type III (c). The black points with the error

bars are the data sample, the red dashed line is the fit result, the green solid line is the signal, the blue dashed line is the background, the
blue shaded histogram is the inclusive MC sample, and the magenta dashed line is the signal shape with the BF of 1 × 10−4. In the fit,
mS ¼ 0 MeV=c2 (a), 240 MeV=c2 (b), and 360 MeV=c2 (c) are taken as the examples.
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The systematic uncertainties associated with the signal
selection are discussed below. The uncertainty from the BF
of π0 → γγ is neglected [42]. The uncertainty of photon
detection is found to be 0.5% per photon studied using the
control sample of eþe− → γμþμ−. The uncertainty asso-
ciated with the Mγγ requirement is assigned as 0.5% using
the control sample of D0 → πþπ0e−νe. The uncertainty of
theEoth

oth: γ and cos θ
recoil
KþK−π0 requirement is estimated from the

control sample of η → γγ, which is 1.5% and 0.1%,
respectively. The values of these uncertainties are deter-
mined by assessing the efficiency difference between the
data and the MC simulation in the control samples.
The uncertainty associated with the MKþK−π0 selection is
studied by smearing the MKþK−π0 spectra of the signal MC
samples with a Gaussian function Gðμ00; σ00Þ, setting the
large parameters μ00 ¼ %5 MeV=c2 and σ00 ¼ 10 MeV=c2.
The maximum signal efficiency difference, ranging from
0.5% to 1.4% for S with different masses, is taken as the
conservative uncertainty. The total systematic uncertainty
other than the fitting strategy is calculated by summing up
all sources in quadrature, yielding from 2.1% to 2.5% for S
with different masses. To consider the uncertainty of the
fitting strategy related to the signal and background shapes,
we relax the Gaussian constraint on the smear parameters
for the signal shape and increase the order of the poly-
nomial function by 1 to describe the background shape. The
most conservative result is assigned as the alternative fit.
Since no significant excess of signal above the back-

ground is observed, upper limits (ULs) on the BFs are
determined using a Bayesian approach following Ref. [44],
where the BF is calculated by Eq. (1) and the systematic
uncertainty is considered with the method in Refs. [49,50].
We set the ULs on S with mass ranging from 0 to
400 MeV=c2 in steps of 10 MeV=c2, which is less than
half of the mass resolution. Finally, the ULs on the BFs at
the 90% confidence level (CL) are calculated by integrating
the likelihood distribution with different signal yield
assumptions up to the 90% region; ULs from 1.8 × 10−5

to 5.5 × 10−5 are obtained for different S masses, as shown
in Fig. 4.
Next, we use the flavor-specific model [37–40] for a

further discussion. In the flavor-specific model, the S
couples the Dirac fermion DM χ and the SM quark u
through the following terms in the Lagrangian [37]:

L ⊃ −gχSχ̄LχR − guSūLuR þ H:c:; ð3Þ

where gu (gχ) is the effective coupling strength between S
and the SM quark (DM), and LðRÞ marks the chirality.
In the flavor-specific model, the scalar particle can pref-
erentially couple to the first generation particles of the SM,
with a coupling strength not necessarily proportional to
the Higgs Yukawa couplings. Here, we consider the case
where S couples to the up quark u as an example, and the
discussion of S coupling to the down quark, with a coupling

strength of gd, is analogous. The BF of η → π0S can be
expressed as [37],

Bðη → π0SÞ ¼
g2uc2Sπ0ηB

2

16πmηΓη
λ
1
2

!
1;
m2

S

m2
η
;
m2

π0

m2
η

"
; ð4Þ

where cSπ0η ¼ ð1=
ffiffiffi
3

p
Þ cos θ −

ffiffi
2
3

q
sin θ, parametrizing

the effects from η − η0 mixing with θ ¼ −20°,
B ¼ ½m2

π=ðmu þmdÞ' ¼ 2.6 GeV=c2, and λða; b; cÞ ¼
a2 þ b2 þ c2 − 2ab − 2ac − 2bc. The decay rate of
η → π0S is sensitive to NP, and the ULs of Bðη → π0SÞ
can provide stringent constraints on gu, as shown in Fig. 4.
Compared to the previously published result from
PandaX-4T [26], which measured the DM-nucleon scatter-
ing mediated by S, the constraints from this work are
stronger by a factor of 3.3 to 18.3. In addition, the
constraint from the DM-nucleon scattering experiment
depends on several other free NP parameters such as gχ
andmχ , while our result of the decay η → π0S can provide a
direct constraint on gu. The search for Kþ → πþ þ
invisible from Kþ → πþνν̄ analysis in NA62 [51] and
E949 [52], and from π0 → νν̄ (where the π0 originates from
Kþ → πþπ0) analysis in NA62 [53], can provide some
constraints on gu in the low mS region [37], which is
also illustrated for comparison. It is important to note that
Kþ → πþ þ invisible is sensitive only to gu [37], while
η → π0S is sensitive to both gu and gd.

FIG. 4. ULs on the coupling strengths gu or gd (up) and the BFs
of η → π0S (bottom) for S with different masses. The black solid
(dashed) line is the observed (expected) UL, the blue (green)
filled region is the expected UL %1σ (%2σ) from the MC
simulation of zero signal assumption, the red dashed line denotes
the published UL from PandaX [26], and the purple-filled region
represents the naturalness allowed space in the EFT with
ΛNP ¼ 10 TeV. The yellow, brown, and dark green dashed lines
are the recast ULs from the search for Kþ → πþ þ invisible [51–
53], which apply only to gu. The blue lines illustrate the thermal
relic DM benchmarks for gχ ¼ 0.1 and gχ ¼ 1.
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In Fig. 4, the naturalness relationship is from the effective
field theory (EFT) of gu ≤ ð16π2=

ffiffiffi
2

p
ÞðmSν=Λ2

NPÞ [39],
where ΛNP is the NP energy scale, ν ¼ 246.2 GeV is the
Higgs vacuum expectation value, and this relationship is
solely used to establish the naturalness bound. The NP
energy scale is set to be 10 TeV, illustrating that the
sensitivity of the η → π0S decay at low energy can probe
the allowed space from a high NP energy scale. Considering
the annihilation of χχ̄ → S → ππ in the cosmic evolution,
Fig. 4 also shows the thermal relic DM benchmark that
accounts for the observed cosmological DM density of
ΩDMh2 ¼ 0.12 through the freeze-out mechanism [37,54],
by assuming mχ ¼ 0.45mS. For gχ ¼ 0.1, our Letter can
probe and exclude the corresponding thermal relic DM,
whereas for gχ ¼ 1, a larger dataset is still needed to further
explore the parameter space of thermal relic DM.
The sub-GeV DM can interact with the SM quark

through a new force mediated by the exchange of S
[23–25], in addition to the gravitational interaction. A
momentum-independent reference cross section of the DM-
nucleon scattering is expressed as [24,26],

σ̄n ¼
g2Ng

2
χμ2n

πðq20 þm2
SÞ2

; ð5Þ

where gN ¼ ðZySpp þ ðA − ZÞySnnÞ=A, Z and (A − Z) are
the numbers of protons and neutrons in the nucleus, respec-
tively; ySpp ¼ 0.014gump=mu, ySnn ¼ 0.012gumn=mu,
q20 ¼ α2m2

e with the fine structure constant α,
μn ¼ ½mχmN=ðmχ þmNÞ&, and me, mp, mn, mu, and mN
represent the masses of the electron, proton, neutron, cur-
rent up quark, and nucleon, respectively. By applying the
UL of gu from this Letter, taking Z ¼ 54 and A − Z ¼ 77
for Xenon, and assuming the values of gχ , the constraint on
σ̄n is derived, as shown in Fig. 5. The gχ is assumed to be 1,
which is a sufficiently large value in the EFT, and the
constraint can be straightforwardly translated to other
values of gχ using the relation of σ̄n ∝ g2χ . A smaller gχ
would result in a more stringent constraint on σ̄n. Under the
similar assumption of mS ¼ 300 MeV=c2 as used by
PandaX-4T [26], we find that the UL of the DM-nucleon
scattering cross section, resulting from the mediation of S,
significantly improves the sensitivity of the current direct
detection experiment by approximately five orders of
magnitude. However, it is essential to note that we do
not directly measure the DM-nucleon scattering, and the
constraint on the cross section presented in this Letter is
model dependent.
In summary, we perform the first search for sub-GeV DM

in η → π0S → π0χχ̄ with on-shell S using ð10087' 44Þ ×
106 J=ψ events [41] at the center-of-mass energy offfiffiffi
s

p
¼ 3.097 GeV. The ULs on Bðη → π0SÞ are set to be

between 1.8 × 10−5 and 5.5 × 10−5 at the 90% CL for S
with masses from 0 to 400 MeV=c2. Stringent constraints

on the coupling strength gu are derived to be less than 1.3 ×
10−5 to 3.2 × 10−5, allowing for exploration of the allowed
parameter space from a high NP energy scale and the
thermal relic DM. The constraint on the DM-nucleon
scattering cross-section mediated by a dark scalar boson
is also derived, with ULs significantly exceeding the
sensitivity of the previously published results from the
DM-nucleon scattering experiment. This η → π0 þ
invisible search highlights the substantial potential of the
BESIII experiment in the study of sub-GeV DM, benefiting
from the low background environment and good
reconstruction. The future η factories, such as REDTOP
[55] and HIAF [56], are expected to collect trillions of η
candidates but it may be challenging to study such invisible
decay at these facilities due to the huge backgrounds. Our
result on η → π0 þ invisible is a great prospect for future
super tau-charm facility [57] planning to collect 1012 J=ψ
events. Constrained by the phase space, the process of
η → π0S can only be used to study S with masses up to
approximately 400 MeV=c2, while η0 → π0S, although with
significantly lower sensitivity due to the much larger width
of η0, can extend the mass range up to approximately
800 MeV=c2 in the future analyses using a similar strategy
as BESIII.
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FIG. 5. Constraints on σ̄n. The black lines are the constraints
from this work with different assumptions, the dark green dashed
line is the recast constraint from NA62 [51], and the color-filled
region is the best excluded region fromMDDM [26], CRDM [21],
and MEDM [32,33] searches. The constraints from BESIII and
NA62 apply to the specific model under consideration [Eq. (3)].
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In Fig. 4, the naturalness relationship is from the effective
field theory (EFT) of gu ≤ ð16π2=

ffiffiffi
2

p
ÞðmSν=Λ2

NPÞ [39],
where ΛNP is the NP energy scale, ν ¼ 246.2 GeV is the
Higgs vacuum expectation value, and this relationship is
solely used to establish the naturalness bound. The NP
energy scale is set to be 10 TeV, illustrating that the
sensitivity of the η → π0S decay at low energy can probe
the allowed space from a high NP energy scale. Considering
the annihilation of χχ̄ → S → ππ in the cosmic evolution,
Fig. 4 also shows the thermal relic DM benchmark that
accounts for the observed cosmological DM density of
ΩDMh2 ¼ 0.12 through the freeze-out mechanism [37,54],
by assuming mχ ¼ 0.45mS. For gχ ¼ 0.1, our Letter can
probe and exclude the corresponding thermal relic DM,
whereas for gχ ¼ 1, a larger dataset is still needed to further
explore the parameter space of thermal relic DM.
The sub-GeV DM can interact with the SM quark

through a new force mediated by the exchange of S
[23–25], in addition to the gravitational interaction. A
momentum-independent reference cross section of the DM-
nucleon scattering is expressed as [24,26],

σ̄n ¼
g2Ng

2
χμ2n

πðq20 þm2
SÞ2

; ð5Þ

where gN ¼ ðZySpp þ ðA − ZÞySnnÞ=A, Z and (A − Z) are
the numbers of protons and neutrons in the nucleus, respec-
tively; ySpp ¼ 0.014gump=mu, ySnn ¼ 0.012gumn=mu,
q20 ¼ α2m2

e with the fine structure constant α,
μn ¼ ½mχmN=ðmχ þmNÞ&, and me, mp, mn, mu, and mN
represent the masses of the electron, proton, neutron, cur-
rent up quark, and nucleon, respectively. By applying the
UL of gu from this Letter, taking Z ¼ 54 and A − Z ¼ 77
for Xenon, and assuming the values of gχ , the constraint on
σ̄n is derived, as shown in Fig. 5. The gχ is assumed to be 1,
which is a sufficiently large value in the EFT, and the
constraint can be straightforwardly translated to other
values of gχ using the relation of σ̄n ∝ g2χ . A smaller gχ
would result in a more stringent constraint on σ̄n. Under the
similar assumption of mS ¼ 300 MeV=c2 as used by
PandaX-4T [26], we find that the UL of the DM-nucleon
scattering cross section, resulting from the mediation of S,
significantly improves the sensitivity of the current direct
detection experiment by approximately five orders of
magnitude. However, it is essential to note that we do
not directly measure the DM-nucleon scattering, and the
constraint on the cross section presented in this Letter is
model dependent.
In summary, we perform the first search for sub-GeV DM

in η → π0S → π0χχ̄ with on-shell S using ð10087' 44Þ ×
106 J=ψ events [41] at the center-of-mass energy offfiffiffi
s

p
¼ 3.097 GeV. The ULs on Bðη → π0SÞ are set to be

between 1.8 × 10−5 and 5.5 × 10−5 at the 90% CL for S
with masses from 0 to 400 MeV=c2. Stringent constraints

on the coupling strength gu are derived to be less than 1.3 ×
10−5 to 3.2 × 10−5, allowing for exploration of the allowed
parameter space from a high NP energy scale and the
thermal relic DM. The constraint on the DM-nucleon
scattering cross-section mediated by a dark scalar boson
is also derived, with ULs significantly exceeding the
sensitivity of the previously published results from the
DM-nucleon scattering experiment. This η → π0 þ
invisible search highlights the substantial potential of the
BESIII experiment in the study of sub-GeV DM, benefiting
from the low background environment and good
reconstruction. The future η factories, such as REDTOP
[55] and HIAF [56], are expected to collect trillions of η
candidates but it may be challenging to study such invisible
decay at these facilities due to the huge backgrounds. Our
result on η → π0 þ invisible is a great prospect for future
super tau-charm facility [57] planning to collect 1012 J=ψ
events. Constrained by the phase space, the process of
η → π0S can only be used to study S with masses up to
approximately 400 MeV=c2, while η0 → π0S, although with
significantly lower sensitivity due to the much larger width
of η0, can extend the mass range up to approximately
800 MeV=c2 in the future analyses using a similar strategy
as BESIII.
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FIG. 5. Constraints on σ̄n. The black lines are the constraints
from this work with different assumptions, the dark green dashed
line is the recast constraint from NA62 [51], and the color-filled
region is the best excluded region fromMDDM [26], CRDM [21],
and MEDM [32,33] searches. The constraints from BESIII and
NA62 apply to the specific model under consideration [Eq. (3)].
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Ongoing and Future


Off-shell 𝑆 case in 𝜂 → 𝜋0𝜒  ̅𝜒


Larger 𝑆 mass in 𝜂′ → 𝜋0𝜒  ̅𝜒


Pseudoscalar case in 𝜂 → 𝜋+𝜋-𝜒  ̅𝜒


Vector case in 𝜋0/𝜂 → 𝛾𝜒  ̅𝜒



Summary

Glueball spectroscopy: the production and decay properties of  support a substantial  glueball 
component


Hyperon CP violation: the neutral-  asymmetry is consistent with zero; neutral/charged decay comparisons 
establish  contributions


 EDM: no significant CP-violating signal, with  at 95% CL 


Semileptonic decays: polarization and entanglement enable form-factor measurements and a complementary 
determination, 


Dark-sector searches: no signal in ; branching-fraction limits reach  at 
90% CL

X(2370) 0−+

Λ
ΔI = 3/2

Λ |dΛ | < 7.0 × 10−19 e cm

|Vus |LQCD = 0.2339 ± 0.0041

η → π0 + invisible (1.8 − 5.5) × 10−5

30

A selection of recent BESIII results has been presented



Outlook
Clarify the nature of : measure additional decay modes and perform coupled-channel amplitude 
analyses


Advance hyperon symmetry tests: improve CP sensitivity and extend the EDM programme to other hyperons


Strengthen baryon determinations of : combine larger semileptonic samples with improved lattice-
QCD inputs


Broaden dark-sector searches: explore off-shell mediators, alternative interactions and higher masses 
through  decays


Exploit a common experimental strength: large, clean datasets and quantum-correlated particle pairs 
provide complementary probes of strong dynamics and new physics

X(2370)

|Vus |

η′￼
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