
Search for Sub-GeV Invisible Particles in Inclusive Decays of J=ψ to ϕ

M. Ablikim et al.
*

(BESIII Collaboration)

(Received 12 June 2025; accepted 19 September 2025; published 9 October 2025)

A search for an invisible particle, X, with a mass between 0 and 0.96 GeV=c2, is performed in the
process J=ψ → ϕþ X using ð8774.0� 39.4Þ × 106 J=ψ events collected with the BESIII detector from
2017 to 2019. The ϕ meson is fully reconstructed and an efficient veto of photons and neutral and charged
hadrons up to twice the K0

L mass is applied to the rest of the event and the recoil mass against the ϕ is
obtained precisely from the kinematic constraint in the event. No significant signal over the expected
background is observed in the investigated region and the upper limit on the inclusive branch fraction of
J=ψ → ϕþ X is determined to be 7.0 × 10−8 at 90% confidence level. Upper limits at a 90% confidence
level are also given for this branch fraction as a function of the invisible particle mass, varying from
4 × 10−9 to 4 × 10−8 over the investigated mass range. Additionally, a 90% confidence level upper limit on
the branch fraction of η → invisible is determined to 2.4 × 10−5, which improves the previous best results
by more than 4 times. The analysis technique in this Letter offers a clean window to search for sub-GeV
invisible particles, which can be adapted for other J=ψ decays and direct eþe− annihilation experiments in
future studies, and improve the sensitivity by orders of magnitude.
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Despite the strong evidence of dark matter (DM) from
astrophysics and cosmology [1–3], DM is still not observed
in accelerator experiments after decades of searches [4].
The light DM in sub-GeV (MeV-GeV) range has been
widely investigated in both theoretical and experimental
efforts [5] in the last decades, including many studies in
intensity-frontier experiments. Because of the weak cou-
pling with standard model (SM) particles and the light mass
scale, light DM candidates in the sub-GeV range, such as
dark photons [6,7] and axionlike particles (ALPs) [8,9], are
difficult to observe at high energy colliders and by tradi-
tional direct detection methods [5]. The eþe− colliders have
unique advantages where sub-GeV light DM candidates
behave as invisible particles due to their weak coupling
with SM particles, and their kinematics can be inferred
from the conservation of four-momenta when the remaining
particles in an event are reconstructed.
Previous searches associated to sub-GeV invisible par-

ticles have been performed using many data samples from
high intensity facilities [10–20]. However, there are fewer
searches for sub-GeV invisible particles in the hadronic
decays of intermediate states, where the strong interaction
dominates. The hadronic decays of intermediate states

provide great potential to search for sub-GeV invisible
particles, which have no direct interactions with SM
particles or with a long lifetime, such as a free gluon,
ALPs coupling with gluons [21], and other strong inter-
action induced particles beyond current theoretical predic-
tions. Searching for sub-GeV invisible particles in hadronic
decays is therefore of high interest.
In this Letter, we report a search for sub-GeV invisible

particles in the process J=ψ → ϕþ X, ϕ → KþK− using
ð8774.0� 39.4Þ × 106 J=ψ events [22] collected by the
BESIII detector from 2017 to 2019 [23], where X repre-
sents a sub-GeV DM particle. About 10% of the full data
sample is first used to validate the analysis procedure, and
the final result is obtained from the full data sample with the
validated analysis strategy. To veto the dominant back-
ground from the process J=ψ → ϕK0

LK
0
L, the recoil mass

against ϕ meson is required to be less than 2mK0
L
, where

mK0
L
is the K0

L mass given by the Particle Data Group
(PDG) [24]. As shown in Fig. 1, the simple decay topology
of ϕ → KþK− helps to suppress possible SM background
processes, and provides a clean window to search for sub-
GeV invisible particles.
The BESIII detector [23] records symmetric eþe−

collisions provided by the BEPCII storage ring [25]
in the center-of-mass energy (

ffiffiffi
s

p
) range from 1.84 to

4.95 GeV, with a peak luminosity of 1.1 × 1033 cm−2 s−1

achieved at
ffiffiffi
s

p ¼ 3.773 GeV. The cylindrical core of the
BESIII detector covers 93% of the full solid angle and
consists of a helium-based multilayer drift chamber
(MDC), a plastic scintillator time-of-flight system (TOF),
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and a CsI(Tl) electromagnetic calorimeter (EMC), which
are all enclosed in a superconducting solenoidal magnet
providing a 1.0 T magnetic field. The solenoid is supported
by an octagonal flux-return yoke with resistive plate
counter muon identification modules interleaved with steel.
The charged-particle momentum resolution at 1 GeV=c is
0.5%, and the dE=dx resolution is 6% for electrons from
Bhabha scattering. The EMC measures photon energies
with a resolution of 2.5% (5%) at 1 GeV in the barrel
(end cap) region. The time resolution in the TOF barrel
region is 68 ps, while that in the end cap region is
60 ps using an upgraded multigap resistive plate chamber
technology [26–28].
Simulated data samples produced with a GEANT4-based

[29] Monte Carlo (MC) package, which includes the
geometric description [30] of the BESIII detector and
the detector response, are used to determine detection
efficiencies and to estimate backgrounds. The simulation
models the beam energy spread and initial state radiation in
eþe− annihilations with the generator KKMC [31,32]. The
inclusive MC sample simulates both the production of the
J=ψ resonance and the continuum processes incorporated
with KKMC [31,32]. All particle decays are modeled with
EVTGEN [33,34] using branch fractions (BFs) either taken
from the PDG [24], when available, or estimated using
LUNDCHARM [35,36] if not available. Final state radiation
from charged-final-state particles is incorporated using
the PHOTOS package [37]. The signal MC samples of
J=ψ → ϕþ X, ϕ → KþK− are generated uniformly in
phase space (PHSP), where mX varies from 0.0 to
0.96 GeV=c2 by a step of 0.02 GeV=c2.
Charged tracks detected in the MDC are required to be

within a polar angle (θ) range of j cos θj < 0.93, where θ is
defined with respect to the z axis, the symmetry axis of the
MDC. The distance of closest approach to the interaction
point must be less than 10 cm along the z axis, and less than
1 cm in the transverse plane. Particle identification (PID)
for charged tracks combines measurements of the energy
deposited in the MDC (dE=dx), the flight time in the TOF,

and the measurements of EMC to form likelihoods
LðhÞðh ¼ p;K; πÞ for each hadron h hypothesis. Each
charged track is assigned to the particle type that
corresponds to the hypothesis with the highest confidence
level (CL). Photon candidates are identified using show-
ers in the EMC. The deposited energy of each shower
must be more than 25 MeV in the barrel region
(j cos θj < 0.8) and more than 50 MeV in the end cap
region (0.86 < j cos θj < 0.92).
Exactly two good charged tracks consistent with a kaon

PID hypothesis with opposite charges are required to
reconstruct the ϕ candidate. The invariant mass of the
KþK− candidate, MKþK− , is required to satisfy
jMKþK− −mϕj < 10 MeV=c2, where mϕ is the mass of
ϕ meson [24]. Events with additional charged tracks are
excluded from further analysis. The recoil mass against the
ϕ candidate,MrecoilðϕÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpeþe− − pKþ − pK−Þ2

p
, is used

to suppress the background from J=ψ → ϕK0
LK

0
L with the

requirement MrecoilðϕÞ < 0.96 GeV=c2, where peþe− [22],
pKþ , and pK− are the four-momenta of the initial eþe−
system, the Kþ meson, and the K− meson, respectively.
To reduce the backgrounds caused by J=ψ → ϕη and
J=ψ → ϕπ0, the number of good photons, Nγ , is required
to be 0 in the candidate event [38]. To further veto the
backgrounds from J=ψ → ϕη and J=ψ → γηc, the polar
angle of the recoil momentum against ϕ, θrecoilðϕÞ, is
required to point within the central barrel EMC region,
j cos θrecoilðϕÞj < 0.7. To suppress J=ψ → π�K∓K0

L back-
ground originating from π-K misidentification, events
with Mrecoilðπ�K∓Þ < 0.56 GeV=c2 are excluded. This
is achieved by recalculating Mrecoilðπ�K∓Þ through the
switching of one charged track’s mass hypothesis from
kaon to pion. The thresholds for the relevant event selection
criteria are determined by maximizing ns=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ns þ nb

p
, where

the signal yield ns is extracted from signal MC samples, the
background yield nb is determined from the data, and the
BF of signal MC is assumed to be ∼10−6. As a check,
the Punzi figure of merit [39] with 3σ target significance
yields similar results on these event selection thresholds.
After the above selection criteria, 52 events remain in the
distribution ofM2

recoilðϕÞ as shown in Fig. 2, where the kaon
momentum resolution and the beam energy measurement
resolution can result in negative values of M2

recoil.
Additionally, no significant peak is seen in the searched
mass region.
Background events are separated into two categories: the

J=ψ decay processes and the eþe− continuum processes.
The background contributions from the J=ψ decay proc-
esses are studied using the inclusive MC sample, the
exclusive MC samples generated according to the survived
processes of the inclusive MC sample. The sum of the
normalized exclusiveMC samples is treated as the expected
background from the J=ψ decay, where the exclusive MC
samples are normalized to the luminosity of the data [22]

FIG. 1. The topology of J=ψ → ϕþ X, ϕ → KþK−, where X
represents a sub-GeV invisible particle.
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using associated BFs reported by the PDG [24].
Meanwhile, the background contributions from the eþe−

continuum processes are investigated with the eþe− colli-
sion data samples at

ffiffiffi
s

p ¼ 3.080, 3.650, and 3.682 GeV
corresponding to integrated luminosities of 136, 401,
395 pb−1. The expected background from the eþe− con-
tinuum processes is estimated by a data-driven method,
where the eþe− collision data samples are employed to
determine the possible backgrounds by [22]

Nbkg ¼ Ni ×
LJ=ψ

Li
×

si
sJ=ψ

: ð1Þ

The i indicates the eþe− collision data at
ffiffiffi
s

p ¼ 3.080,
3.650, and 3.682 GeV; Nbkg is the number of expected
background events from the eþe− continuum processes; Ni
is the number of survived events for the i data; LJ=ψ and Li

are the integrated luminosities for the J=ψ and data i; sJ=ψ
and si are the corresponding squares of the center-of-mass
energies. The Nbkg is calculated to be (0.0� 1.8) using the
eþe− collision data collected at

ffiffiffi
s

p ¼ 3.080, 3.650, and
3.682 GeV. The expected yields of different background
sources are summarized in Table I.
The systematic uncertainty in the expected background

yield, originated from the background estimation method,
is derived from the difference between the expected back-
ground and data in the control region 1.04 < MKþK− <

1.07 GeV=c2, quantified as 57.0%. In addition, the sys-
tematic uncertainties of the expected background yield are
from charged track detection and PID, jMKþK− −mϕj <
10 MeV=c2, Nγ ¼ 0, j cos θrecoilðϕÞj < 0.7, and
Mrecoilðπ�K∓Þ < 0.56 GeV=c2. The systematic uncertain-
ties due to charged track detection and PID in the expected
background yield are assigned as 2% and 2% [40],
respectively. The systematic uncertainty in the expected
background yield caused by the ϕ mass window is
determined to be 2.9% by varying it with �1σ. The
systematic uncertainty relevant to Nγ ¼ 0 is estimated to
be 9.8% in the expected background yield, as determined
by the discrepancy between data and MC using the control
sample of J=ψ → μþμ−. The systematic uncertainty asso-
ciated with j cos θrecoilðϕÞj < 0.7 is estimated to be 0.2%
using the control sample of J=ψ → ϕη; η → γγ. The sys-
tematic uncertainty of Mrecoilðπ�K∓Þ < 0.56 GeV=c2 is
estimated to be 2.3% with the control sample of
J=ψ → π�K∓K0

S; K
0
S → πþπ−. Assuming all these sources

are independent, the total systematic uncertainty of the
expected background yield is retrieved as the quadrature
sum of the individual contributions. The expected back-
ground yield is then determined to (28.7� 5.0stat �
16:6sys.), which is consistent with the data yield within
1.5σ, as shown in Fig. 2.
A profile likelihood method [41] is used to extract the

upper limit on the number of J=ψ → ϕþ X events at 90%
CL. In the procedure, the data is assumed to obey a Poisson
distribution, while the expected background and the signal
detection efficiency are treated as Gaussian distributions.
The likelihood function is calculated as

FIG. 2. The distributions of M2
recoilðϕÞ for data and MC

samples. The dots with error bars are the data. The blue, orange,
green, and purple dashed lines are the signal MC samples with
mX ¼ 0.2, 0.4, 0.6, and 0.92 GeV=c2, assuming a BF of
2 × 10−8. The red solid line is the expected background estimated
by the MC study and the eþe− collision data samples atffiffiffi
s

p ¼ 3.080, 3.650, and 3.682 GeV. The gray box shows the
total uncertainty of the expected background, including statistical
and systematic uncertainties.

TABLE I. The expected yields of different background sources,
where only the statistical uncertainties from the size of MC
samples are included.

Source Yield

J=ψ → K�0K̄0; K�0 → π−Kþ; K̄0 → K0
L 6.3� 2.2

J=ψ → K̄�0K0; K̄�0 → πþK−; K0 → K0
L 0.7� 0.7

J=ψ → π0K0K�0; K0 → K0
L; K

�0 → π−Kþ 0.3� 0.4

J=ψ → πþK−K�;0; K�;0 → K0π0; K0 → K0
L 0.4� 0.4

J=ψ → πþK−K̄0ðPHSPÞ; K̄0 → K0
L 1.3� 1.9

J=ψ → π−KþK0ðPHSPÞ; K0 → K0
L 1.1� 1.5

J=ψ → ϕK0K0; K0 → K0
L; K

0 → K0
L

7.6� 2.7

J=ψ → ϕη0; η0 → anything 0.9� 0.6
J=ψ → ϕη; η → anything 3.2� 1.0

J=ψ → γηc; ηc → πþK0K−; K0 → K0
L 2.8� 0.9

J=ψ → γηc; ηc → π−K0Kþ; K0 → K0
L

4.1� 1.0

eþe− continuum data 0.0� 1.8

Total 28.7� 5.0
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L ¼
Y

F ðx; y; zjμ; b; ϵÞ

¼
Y ðϵμþ bÞx

x!
e−ðϵμþbÞ 1ffiffiffiffiffiffi

2π
p

σb
e
−ðy−bÞ2

2σ2
b

1ffiffiffiffiffiffi
2π

p
σϵ

e
−ðz−ϵÞ2

2σ2ϵ ;

ð2Þ

where x is the number of observed data events, y is the
background yield, z is the signal detection efficiency, μ is
the expected signal yield, b is the expected background
yield, σb is the uncertainty of b, ϵ is the expected signal
detection efficiency, and σϵ is the uncertainty of ϵ.
The signal detection efficiency is determined using the

signal MC samples of J=ψ → ϕþ X, ϕ → KþK−, withmX

varies from 0.0 to 0.96 GeV=c2 by a step of 0.02 GeV=c2.
The detection efficiencies vary from 18.0% to 19.8% for
the different signal MC samples, and the average value
of the detection efficiencies estimated using the different
signal MC samples, ð19.27� 0.03statÞ%, is taken as the
signal detection efficiency.
The sources of systematic uncertainties of the signal

detection efficiency come mainly from the same sources as
the expected background yield except the background
estimation method. The systematic uncertainties in the
signal detection efficiency are determined to be 0.4%,
0.4%, 2.9%, 1.7%, 0.04%, and 0.4% related to the same
sources mentioned in the systematic uncertainty of
expected background yield, respectively. Moreover, the
difference between the alternative and nominal detection
efficiencies, 2.1%, is taken as the systematic uncertainty
caused by the signal model. Alternative detection efficien-
cies are obtained from signal MC samples that were
generated using a different angular distribution. Assuming
that all these sources are independent, the total systematic
uncertainty of the signal detection efficiency is taken as
the quadratic sum of the individual contributions, resulting
in 4.0%. The final signal detection efficiency is determined
to be ð19.27� 0.03stat � 4.02sysÞ%, which enters the upper
limit calculation.
The upper limit on the BF of J=ψ → ϕþ X at 90% CL is

calculated by

BðJ=ψ → ϕþ XÞ ¼ NX

NJ=ψ Bðϕ → KþK−Þ ; ð3Þ

where NX is the 90% CL upper limit on the signal yield
after efficiency correction, NJ=ψ ¼ ð8774.0� 39.4Þ × 106

is the total number of J=ψ events in data, and Bðϕ →
KþK−Þ is the BF of ϕ → KþK− [24]. The upper limit on
the inclusive BF of J=ψ → ϕþ X is determined to be 7.0 ×
10−8 at 90% CL in the region of 0.0 < mX < 0.96 GeV=c2,
where the related numbers are summarized in Table II. The
90% CL upper limits on BðJ=ψ → ϕþ XÞ are extracted as
a function ofmX, where the signal detection efficiencies are
calculated from a set of signal MC samples with different

mX. In addition to the above selection criteria, a signal
window of jM2

recoilðϕÞ −m2
Xj < 90 MeV2=c4 is applied,

corresponding to approximately 5 times the resolution of
M2

recoilðϕÞ. The 90% CL upper limits on BðJ=ψ → ϕþ XÞ
as a function of mX vary from 4 × 10−9 to 4 × 10−8 in the
accessible mX range, as shown in Fig. 3. This is the first
determination of the upper limits on BðJ=ψ → ϕþ XÞ in
the sub-GeV region. Following the model-dependent theo-
retical framework of a scalar mediator portal [42], this work
has comparable sensitivity to the recent sub-GeV DM
studies [43] in the sub-GeV DM mass range from 0.5 to
0.9 GeV=c2. Notably, the interpretation approach is devel-
oped for LHC experiments and not totally suitable in this
work. A robust and systematic approach is essential to
effectively compare these findings with other sub-GeV DM
detection results [43–46].
In addition, the BF of η → invisible is also determined as

Bðη→ invisibleÞ ¼ Nη→invisible

NJ=ψ BðJ=ψ → ϕηÞBðϕ→ KþK−Þ ;

ð4Þ

FIG. 3. The observed (blue points) and expected (red dashed
line) upper limits on BðJ=ψ → ϕþ XÞ as a function of mX in the
accessible mX range at 90% CL.. The expected upper limits and
their uncertainties are obtained using the background model with
no signal. The �1σ and �2σ expected upper limit bands are
shown as the green and yellow bands, respectively.

TABLE II. Summary of the number of events observed in data
Nobserved, the expected number of background events Nbackground,
the detection efficiency ϵ, and the upper limit on signal yield at
90% CL, NX.

Process Nobserved Nbackground ϵ [%] NX

J=ψ → ϕþ invisible 52 28.7� 17.0 19.3� 4.0 303.3
η → invisible 11 5.9� 3.3 17.5� 3.4 76.9
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where Nη→invisible is the 90% CL upper limit on the signal
yield of η → invisible after efficiency correction, BðJ=ψ →
ϕηÞ [24] is the corresponding BF of J=ψ → ϕη. A signal
window of jM2

recoilðϕÞ −m2
ηj < 90 MeV2=c4, is employed

to calculate the upper limit on the signal yield of
J=ψ → ϕη, η → invisible. Using the signal MC sample
of J=ψ → ϕη, η → invisible, the selection efficiency is
determined as ð17.5� 0.2stat � 3.4sysÞ%, as shown in
Table II. The systematic uncertainties are estimated by
the same ways in the process J=ψ → ϕþ X, ϕ → KþK−.
Using Eq. (4), the upper limit on Bðη → invisibleÞ at 90%
CL is determined as 2.4 × 10−5, which improves the
previous best results [47,48] by more than 4 times.
In summary, a search for sub-GeV invisible particles in

the process J=ψ → ϕþ X, ϕ → KþK− is performed for
the first time using ð8774.0� 39.4Þ × 106 J=ψ events
collected by the BESIII detector. No significant signal
over the expected background is observed in the accessible
invisible particle mass region mX < 0.96 GeV=c2, and the
upper limit on the inclusive BF of J=ψ → ϕþ X is
determined to be 7.0 × 10−8 at 90% CL. The upper limits
on this BF are also calculated as a function of mX, which
vary from 4 × 10−9 to 4 × 10−8 in the same search region.
Moreover, the 90% CL upper limit on the BF of η →
invisible at is set as 2.4 × 10−5, which is more stringent
than the previous best results [47,48]. This study shows the
great potential for searching sub-GeV invisible particles in
the hadronic decays of J=ψ , which could significantly
improve the search for sub-GeV invisible particles involv-
ing the strong interaction, such as a free gluon, ALPs
coupling with gluons, and possible strong interaction
induced invisible particles.
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