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BESIII experiment has collected a large data sample of charmonium, charm mesons, hyperons,
and other light mesons. These data provide a unique opportunity to explore the dark sector beyond
the Standard Model, particularly for dark sectors that couple to charm quarks or other light quarks,
and for dark sectors with masses in the 7—c energy region. We present recent dark sector search
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1. Introduction

The Standard Model (SM) has achieved significant success in explaining most phenomena in
our universe, encompassing both fundamental particles and their interactions. However, several
unresolved puzzles remain, including dark matter (DM), the strong CP problem, the muon g — 2
anomaly, the fermion mass hierarchy, matter-antimatter asymmetry, and others. These challenges
suggest the existence of a dark sector beyond the SM, potentially containing new particles and
interactions between the dark sector and SM matter. The search for the dark sector provides
an intriguing avenue for probing new physics (NP) beyond the SM. If the masses of dark sector
particles fall within the 0 to GeV range, they can be accessed through high-intensity e*e™ collider
experiments such as the Beijing Spectrometer 111 (BESIII) [1].

BESIII is a general-purpose spectrometer designed for investigating T-charm physics within a
center-of-mass energy from 2.0 to 4.7 GeV. It records symmetric electron-positron (e¢*e ™) collisions
generated by the Beijing Electron Positron Collider II (BEPCII) storage ring [2]. To date, BESIII
has collected extensive datasets in this energy range, including 10 billion J/y events, 2.7 billion
¥ (2S) events, a 20 fb~! dataset at 3.773 GeV, and upwards of 20 fb~! of data above 4.0 GeV [3].
These large charmonium samples also enable the production of significant samples of hyperons
and light mesons through charmonium decay processes. By capitalizing on these extensive datasets
and utilizing advanced analytical techniques [4, 5], BESIII is well-positioned to conduct in-depth
investigations into the dark sector beyond the SM.

2. Search for massless dark photon with D° — wy’ and D° — yy’

The dark photon (y’) is a hypothetical vector boson introduced in minimal extensions of the
SM through an additional Abelian gauge group, which has a kinetic mixing with the SM photon.
When the symmetry of this additional Abelian gauge group is spontaneously broken, the dark
photon acquires mass and directly couples to SM fermions. Conversely, if the symmetry remains
unbroken, the dark photon remains massless and does not directly couple to SM particles from a
theoretical standpoint. The massless dark photon plays a crucial role in the dark sector by providing
anew long-range force for DM, offering a potential solution to the fermion mass hierarchy problem,
explaining the excess observed in the decay process B* — K*vv, elucidating the origin of the
CKM matrix structure, and addressing the vacuum instability issue in the SM Higgs sector [6].

In contrast to the stringent constraints placed on massive dark photons, the massless dark
photon remains considerably less restricted. Searches for massless dark photons need to rely on
higher-dimensional operators, such as [7]

Lw= & (Clydsortuhl + C4.g o diH + Ch Lo ex + hc.) . (1)

Here, Anp represents the NP energy scale, C;i are dimensionless coefficients, g, /; are quark and
lepton doublets, ug, di are up- and down-type SU(2)-singlet quarks, e are electrically-charged
SU(2)-singlet leptons, H is the Higgs doublet and F,,, is the dark photon field strength. This
operator inherently involves flavor-violating interactions, such as the coupling between charm and
up quarks with the dark photon (cuy’). Utilizing 7.9 fb~! of e*e™ annihilation data at a center-
of-mass energy of \/s = 3.773 GeV, we search for the massless dark photon in the decay channels
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D? — wy’ and DY — yy’. At this energy, D” mesons are produced in pairs, allowing one D" to
be tagged using well-established SM hadronic decay modes. We then investigate the NP decays on
the opposite side of the tagged D°, employing a technique known as the double tag method.

The invisible massless dark photon can be inferred from the recoil of visible SM particles
(tagged D? and w or y), as illustrated in Figure 1 (a) and (b). No significant signals are observed
in the data samples. The upper limits (ULs) on the branching fraction (BF) at the 90% confidence
level (C.L.) are determined to be 1.1 x 107 and 2.0 x 107 for the decay processes D° — wy’
and D° — yy’, respectively [8]. The BF of D° decaying to a massless dark photon is highly
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Figure 1: (a) and (b) display the Miiss distributions for the D® — wy” and D° — ¥y’ decay candidates,
respectively. The black points represent the observed data, while the other lines correspond to various
background and signal components. (c) illustrates the constraints on the cuy’ coupling. The black solid lines
indicate the observed ULs from different processes, and the red shaded regions denote the allowed parameter
space from DM and VS.

sensitive to the NP energy scale and the dimensionless coefficients introduced in Eq. 1, with
) 2 _ . 21\3
the relationship given by [9] of B(D? — Vy’) = MOCIQ +|Cs]?), and B(D° —

27m3

YY) = S fg 7m3D(|C |> + |Cs|?), where f denotes the fo?m factor associated with D meson
decays, m represents the mass, 7 represents the lifetime, @, is the fine structure constant, C =
AI(H% (C}‘2 +CY )v/ V8, Cs5 = AI:H% (Ci‘2 -CY )v/ V8, and v represents the vacuum expectation
value of the Higgs field. For the decay channel D° — wy’, we establish a stringent constraint on
the parameters related to the NP energy scale, specifically |C|? + |Cs|*> < 8.2 x 10™'7 GeV~2. This
constraint signifies an improvement of more than one order of magnitude compared to previous
result from A, — p7y’ and reaches in the allowed regions from DM and vacuum stability (VS)
for the first time, as illustrated in Figure 1 (c). Conversely, the constraint derived from the decay
D° — yy’, despite presenting a more stringent UL on the BF, is comparatively weaker due to the
additional factor of @, involved in the decay process.

3. Search for the invisible decay of Kg

The BF for the invisible decay of Kg is inherently very small in the SM, primarily due to
loop-level diagrams and helicity suppression. However, certain NP scenarios beyond the SM could
potentially enhance this BF. For example, if Kg decays into a pair of DM particles or undergoes
ordinary-mirror particle oscillations, the invisible BF could be increased to approximately 1075,
Moreover, the invisible decay of Kg provides crucial insights for testing CPT (Charge, Parity, and
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Time reversal) symmetry. The Bell-Steinberger relation, which connects CPT violation to the
amplitudes of all decay channels of neutral kaons, relies on the current assumption that no invisible
decay modes exist [10]. Therefore, observing or constraining the invisible decay modes of Kg can
offer valuable information for validating CPT symmetry.
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Figure 2: (a) [llustration of the event displays for the Kg — invisible signal process (left) and a corresponding
background process (right) obtained from Monte Carlo simulations. The EMC sub-detector is depicted by
the light blue barrel, while the purple blocks indicate energy deposits within the EMC. (b) Distribution of
the deposited energy for the selected Kg — invisible candidate events. The black data points represent the
observed events, and the other lines or histograms correspond to various background and signal components.

The first direct search for the invisible decay of Kg is conducted at BESIII using a dataset of 10
billion J /i events. The Kg mesons are produced via the decay J /¢ — qﬁKgKg, which benefits from
a relatively low background level due to the suppression of the decay J/¢ — ¢K2K2 by C-parity
conservation. In this analysis, the ¢ meson is reconstructed through the decay ¢ — K*K~, one
of the Kg mesons is identified via Kg — ntn~, and the other Kg meson is utilized to search
for the invisible decay. The invisible signal is identified using the Electron Magnetic Calorimeter
(EMC) sub-detector. For signal events, no additional hits are recorded in the EMC, whereas SM
background events typically exhibit some additional hits, as shown in Figure 2 (a). Consequently,
the deposited energy in the EMC is employed to extract the signal yield, as illustrated in Figure 2
(b). In the deposited energy distribution, the peak at zero corresponds to the background process
J/W — K*K ‘KgKg in the absence of a ¢ meson, which is characterized by the ¢ sideband region.
No significant excess of events over the background is observed, and a UL on the BF of the invisible
decay Kg — invisible is set to be 8.4 x 10~ at the 90% C.L. [11]. This result represents the first
direct measurement of Kg — invisible; however, the UL remains above the predictions from NP
models, which require a larger data sample in future experiments.

4. Search for dark baryon particles with 2~ — 77y

Dark baryon is a hypothetical new particle that carries baryon number, and several hints may
imply its existence. The energy densities (o) of DM and baryonic matter in the universe are similar,
with ppm ~ 5.4 Pparyon, SUggesting a potential connection between their origins and motivating the
existence of dark sector particles charged under baryon gauge symmetry. Additionally, in neutron
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lifetime measurements, the lifetime obtained from the beam method is longer than that from the
storage method, which suggests an unknown BF for the decay n — dark baryon+X of approximately
1%. Furthermore, considering the decay processes B — baryon + dark baryon and the associated
CP violation, the B-Mesogenesis mechanism can explain the asymmetry between visible matter and
antimatter, as well as the origin and nature of DM [12]. Naturally, dark baryons can interact with
all SM quark flavors, not only in neutron or B meson decays, providing an opportunity to search for
dark baryon particles in hyperon decays at BESIII.

Searching for the dark baryon particle y in the decay 2~ — n~ y is performed at BESIII for
the first time [13]. The analysis utilizes approximately 10’ 2~ Z* pairs produced from (10084 +
44) x 10° J/y decays. The Z~ candidate is identified by tagging a Z* that decays to 7+ A with
A — prt. The analysis is conducted under dark baryon mass (m,) hypotheses of 1.07 GeV,
1.10GeV, my, 1.13 GeV, and 1.16 GeV, where m, is the known mass of the A baryon. Constraints
on the dark baryon mass are obtained by ensuring a good fit quality of a kinematic fit, which
constrains the invariant mass recoil of the visible particles to m, . The invisible signal is identified
using the EMC sub-detector, similar to the previous search for the invisible decay of Kg. For signal
events, no additional hits are recorded in the EMC, whereas SM background events typically exhibit
additional hits. The deposited energy in the EMC for m, = 1.10GeV is shown in Figure 3 (a),
where no significant signals are observed. Similarly, no significant signals are observed for other
m, hypotheses. The ULs on the BFs of &~ — n~ y are presented in Figure 3 (b), showing an
improvement over constraints from the LHC (recast by Ref. [12]) in the dark baryon model.
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Figure 3: (a) Distribution of the deposited energy for the selected 2~ — 7~y candidate events with
m, = 1.10GeV. The black data points represent the observed events, while the other lines or histograms
correspond to various background and signal components. (b) ULs on the BFs of E= — n~ y at the 95%
C.L.. The black points indicate the observed ULs obtained from the real data samples, the black dashed line
and filled color regions represent the expected ULs, and the red and blue lines show the ULs recast from

Ref. [12].
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5. Search for massless particles with X* — p + invisible

In the SM, the decay X* — p + invisible typically refers to £* — pvv, for which the BF
is exceedingly small, primarily due to flavor-changing neutral currents and Glashow-Iliopoulos-
Maiani mechanism suppression. However, the inclusion of other new invisible particles in the final
state could potentially enhance its BF, such as through the emission of the QCD axion (a). The
QCD axion (a) was initially proposed by the Peccei-Quinn (PQ) mechanism as a solution to the
strong CP problem and is also a viable candidate for cold dark matter. The mass of the QCD
axion is inversely proportional to its decay constant f,, given by m, = 5.691(51) ueV (10];%)
With decay constants f, > 10° GeV, the axion mass m, remains below eV, rendering it effectively
"massless" relative to the BESIII detector’s resolution. The QCD axion can couple to SM fermions

— 5
via the interaction operator L,_5 = d,a fiy* (FI—V + IZ—A), where Fl.‘]’. and Flf;‘. are the effective decay
ij ij

constants for the vector and axial coupling terms, respectively [15]. If the lepton U(1) charges are
flavor non-universal, the QCD axion naturally acquires flavor-violating couplings, allowing for
production via the decay £* — p + a. Furthermore, the massless dark photon, as introduced in the
previous section, can be produced in the decay X* — p + y’, with the branching fraction bounded
by 3.8 x 107> [15].

Using a dataset of (10084 + 44) x 10% J/y events decaying into X*Z~ pairs, we search for
the massless particles a or y” in the decay process ™ — p + invisible. A kinematic fit is applied
to constrain the mass of the invisible particle to zero, and the signal is extracted from the energy
spectrum of the additional shower detected in the EMC, as shown in Figure 4 (a). No significant
signals are observed, and an UL on the BF B(Z* — pa) is set as 3.2 x 1073 at the 90% C.L.. The
constraints on the effective decay constants of the QCD axion are presented in Figure 4 (b). BESIII
achieves a competitive limit on the axial-vector effective decay constant, establishing F’ él > 2.8x107
GeV [16].
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Figure 4: (a) Distribution of the deposited energy for the selected £* — p + invisible candidate events
with minvisivle = 0. The black data points represent the observed events, while the other lines or histograms
correspond to various background and signal components. (b) The constraints on the effective decay constants
for the vector coupling term and axial coupling term of QCD axion from different experiments.
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6. Search for axion-like particles in J /¢ — ya witha — yy

The QCD axion, introduced in the previous section, is a compelling candidate for cold dark
matter. However, no experimental signals of the QCD axion have been observed to date. A straight-
forward extension of the QCD axion model allows for arbitrary masses and coupling strengths,
leading to the concept of axion-like particles (ALPs). ALPs interact with SM photons through
the operator £ = —}1 8ayyaF HvE uv> Where g4, denotes the coupling strength between the ALP
and SM photons. ALPs can be produced from the decay of a heavy virtual photon via the process
v* — ay and subsequently decay through a — 7y for detection.

At BESIII, the primary source of heavy photons is the J/ events produced from e*e~
collisions. ALPs can be generated from the decay J/¢y — vya. The decay width of the ALP

SayyMa
647
mq ~ GeV/c?, the ALP decays into two photons near the interaction point at BESIIL. Using a

dataset of (10084 + 44) x 10° J/y events collected at BESIII, we search for ALPs in the process
J /¥ — ya — yyy. Three photons are detected in the final state, and the ALP signal manifests as a

For a coupling strength of g4,, ~ 107* GeV~! and an ALP mass

is given by I';, =

peak in the yy invariant mass distribution, as shown in Figure 5 (a). To reduce background levels,
events around known resonances such as 7, i, 7/, and 7. in the yy invariant mass distribution are
excluded. The ALP mass hypothesis is scanned range from 0.18 to 2.85 GeV/c?. The maximum
global signal significance is found to be 1.60- at M, = 2786 MeV/c?, with no significant ALP
signals observed. The corresponding ULs on the BFs for J/yy — ya — yyy are determined to
range between (3.6 — 53.1) x 107 at the 95% C.L. [17].

The BF of J /i decaying into ya is sensitive to the coupling strength g, as described by [18]:

3
B(J/py— m} m2 . . .
5 (3 /{p ‘/’_)81’2‘)) = 32J7r/ Z gﬁw (1 - m37¢) . In this analysis, the coupling between the ALP (a) and

charm quarks is neglected. Assuming a BF of B(a — yy) = 100%, the ULs on the ALP-photon
coupling strength g, are set to be between (2.2 — 101.8) x 107* GeV~! for ALP masses in the
range 0.18 < m, < 2.85 GeV/c?, as shown in Figure 5 (b). These represent the most stringent
limits to date in this mass region. Note that if the BF $(a — vyy) is less than 100%, the constraints
from all experiments (not only BESIII) shown in Figure 5 (b) would become less stringent.

7. Summary

In summary, this proceeding presents recent dark sector search results from BESIII. For the
massless dark photon searches in D° — wy’ and D® — yy’, we provide the world’s best constraint
on the related cuy’ coupling. Regarding the search for the invisible decay of K2, we report the
first result worldwide. For the dark baryon search in 2= — 7~ y, we set the most stringent limit
in the strange sector. In the search for massless particles in X* — p + invisible, a competitive
result is obtained. For ALPs searches in J/¢y — ya with a — yy, the most stringent constraints
are provided for ALP masses in the GeV region. The extensive and clean dataset of BESIII will
continue to yield more and improved results on the dark sector.
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Figure 5: (a) Distribution of the di-photon invariant mass in the ALP search. The black points represent the
observed data, while the histogram shows contributions from various background processes. (b) Constraints
on the ALP-photon coupling. The red-filled regions indicate the excluded parameter space based on the latest
BESIII results, whereas the other filled regions correspond to previously excluded parameter spaces.
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