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Abstract

Dark matter (DM) refers to a new type of matter that may explain observed
rotation curves of galaxies and the composite structure of the Universe. It may
couple to the Standard Model particles via portals, which include the possibility of
axion-like particle, light Higgs boson, dark photon and spin-1/2 fermions. The axion-
like particle and light Higgs boson can be accessible via radiative decays of J/1 while
the dark photon via initial-state radiation process using the data of high-intensity
eTe™ collider experiments, such as the BESIII experiment. DM may be depicted as
baryonic matter in an invisible final state. The presence of a massless dark photon,
predicted by the spontaneous broken of Abelian group U(1)p, may enhance the
branching fractions of rare flavor changing neutral current decay processes. BESIII
experiment has recently explored the possibility of these DM scenarios using the data
samples collected at several energy points, including J/v¢ and (3686) resonances.
This report summarizes the recent results of the BESIII experiment related to the
dark-sector and Axion-like particles.
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Introduction: The Standard Model (SM) of particle physics is incredibly successful
but unable to accommodate the features of recent experimental anomalies [1, 2], such
as dark matter (DM) [1]. DM amounts around 27% of total matter density of Uni-
verse. It neither emits nor absorbs electromagnetic radiation. So far, the presence of
DM is inferred via gravitational effects on visible matter only. Thus, the nature of
DM is still elusive. A GeV scale DM carrying baryon number provide an attractive
framework to understand the origin of dark matter and the matter-antimatter of the
Universe [3]. The massless dark photon [4, 5] may also enhance the decay rate of
flavor changing neutral current (FCNC) processes, highly suppressed in the charm-
sector [6]. An experimental information of DM is necessary to explain observed
rotation curves of galaxies and the creation of our Universe. Many extensions of
the SM motivate a new type of ‘hidde-dark-sector under which the WIMP like dark
matters are charged through a new type of dark force carrier [7]. The corresponding
gauge filed can couple to the SM particles via portals [8], which could be light Higgs
boson, axion-like particles (ALPs), dark photon (4’) or spin-1/2 particles. If the
masses of these physics particles are in the MeV/c? to GeV/c? range, they can be
accessible by high-intensity eTe™ collider experiments, such as the BESIII experi-
ment [9]. BESIII [9], a symmetric eTe™ collider experiment running at tau-charm
region, has explored the possibilities of these DM scenerios using the data-sets col-
lected at several enegy points, including J/¢ and 1 (3686) resonances. This report
reviews the recent results of the BESIII experiment related to the axion-like particle
and dark matter searches.

Search for an axion-like particle: Axion is a pseudoscalar particle predicted by
Peccei and Quinn [10] to solve the strong CP [11] and hierarchy [12] problems in
quantum chromodynamics. The ALPs have arbitrary masses and couplings. They
are predicted by various extensions of the SM, such as extended Higgs sector [13] and
string theory [14]. At BESIII, the ALPs, a, can be accessible via ALP-Strahlung
process eTe” — va [15] and radiative decay J/v — ~ya process [15, 16]. ALP
predominantly couples to a photon-pair with a coupling constant gq~. The exper-
imental bounds on g, in the ALP mass region of 0.16 < m, < 8 GeV/c2 are less
constrained than other m, regions. In this m, region, most stringent exclusion lim-
its on gqy, mainly come from ete™ — () process [17], ALP-Strahlung process
ete™ — va [18] and radiative decays of J/¢ based on 2.7 billion of ¢(2S) events at
BESIII [19]. The exclusion limits on g, in the mass region of [0.16, 3.0] GeV /c?
can be further improved by using 10 billion of J/1 data sample recently collected
by the BESIII detector [20].

BESIII has recently searched for di-photon decays of ALP in radiative decays
of J/v using 10 billion of J/v data. The event of interest is selected with at least
three-photon candidates in the electromagnetic calorimeter (EMC) barrel region.
The mass resolution is improved by performing a four constrain (4C) kinematic
fit for J/¢¥ — ~7v reconstruction. The search for narrow ALP is performed in
the steps of 1 — 2 MeV/c? with a series of extended maximum likelihood fit to
di-photon invariant mass spectrum, m.,, of all the three combinations of photons
after rejecting the backgrounds from J/¢» — vP (P = 7°,n,7,n.) decays. No
evidence of significant narrow ALP production is found in the J/v data set at any
ALP mass point. We set 95% confidence level (CL) upper limit on the product
branching fractions B(J/v — va) x B(a — ) and ALP-photon coupling g.~ as
a function of ALP mass, using the formula of Eq.(1) of Ref. [19], in the ranges of
(3.6 — 53.1) x 107% and (2.2 — 97.5) x 10™%, respectively, for 0.18 < m, < 2.85
GeV/c?. The corresponding results are summarized in Fig. 1. The new BESIII
limits on g,~ are more restrictive than the existing ones [17, 19, 18] and have an
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improvement by a factor of 2 — 3 over the previous BESIII measurement [19] in the
search mass region.
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Figure 1: The 95% CL upper limits on (left) product branching fractions B(J/v¥ — ~va) x B(a —
~v7) together with the previous BESIII measurement and expected upper limit bands, and (right)
ALP-photon coupling g4+, together with existing experimental bounds as a function of m,. All
the results are preliminary.

Search for CP-odd light Higgs boson: Many supersymmetric extensions of the
SM, such as Next-to-Minimal Supersymmetric Model (NMSSM) [21], predict the
light Higgs boson. The Higgs-sector of the NMSSM contains seven Higgs bosons,
among them, there is a C' P-odd light Higgs boson (A") whose mass is expected to be
a few GeV/c2. The effecitive Yukawa coupling of the up (down) type of quark-pair
is proportional to cot 8 (tan ), where tan 8 is a standard SUSY parameter. The
AP can be accessible via radiative decays of V (= J/v,T(15)) mesons [22]. The
branching fraction of .J/1 — vA® is expected to be within range of 107° — 1077,
depending upon m 40, tan 8 and NMSSM parameters [23]. The search for the A°
have been performed with its various decay channels by many collider experiments,
including BaBar [25] and BESIII [24] experiments. But so far, only negative results
are reported. BESIII has recently searched for di-muon decays of the A° in radiative
decays of J/v¢ using 9 billion of J/t¢ events [26]. No evidence of A° production
is found and set 90% CL upper limits on product branching fractions B(J/¢ —
yA®%) x B(A® — pT ) in the range of (1.2 — 778.0) x 1079 for 0.212 < m 40 < 3.0
GeV/c?. The new measurement has a 6 — 7 times improvement over the previous
BESIIT measurement [24] (Fig. 2 (left)). The new BESIII result is also slightly
better than the BaBar measurement [25] in the low-mass region for tan 3 = 1 (Fig. 2
(right)).

Search for dark photon: The simplest scenerio of an Abelian U(1) gauge field
includes the possibility of a new type of fource carrier called dark photon (v'). The
dark photon is expected to couple to the SM particles through a kinetic mixing

2 = o//a, where a (o) is the fine structure constant in the

strength, defined as €
SM (dark) sector [7]. The mass of the 7’ is expected to be a few GeV for satisfying
the astrophysical constraints [1] and the observed deviation in the muon anomalous
magnetic moment up to the level of 4.20 between theory and experiment [2]. The
exclusion limits on € are constrained to be less than 10~2 by a series of experimental
observations in both visible and invisible decays of dark photon [27]. BESIII has
recently performed the search for invisible decays of dark photon via initial-state-
radiation (ISR) production of ete™ — 9/ using 14.9 fb~! of eTe™ annihilation
data taken at center-of-mass energies (y/s) from 4.13 to 4.6 GeV [28], where 7 is
an ISR photon. The energy of this monochromatic ISR photon is calculated as,
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Figure 2: The 90% CL upper limits on (left) product branching fractions B(J/v — vAY) x
B(AY — pt ™) together with expected ones and (right) effective Yukawa coupling of Higgs field
to the bottom quark-pair for different values of tan  together with BaBar measurement as a
function of m 4o.
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s—m_,cC . . .
E, = 72\/75 , where m., is the mass of 7/. No any significant narrow resonance

is observed in Figg spectrum of data (Fig. 3 (left)). The mass dependent 90% CL
upper limits on € for a dark photon coupling with an ordinary photon vary between
1.6 x 1073 and 5.7 x 102 (Fig. 3 (right)).
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Figure 3: (Left) the representative plot of the fit to the E(v) spectra of data at /s = 4.416
GeV. (Right) the 90% CL upper limits on € as a function of m.,.

Invisible decays of A baryon: The asymmetry between matter and antimatter
in the Universe is a cause of baryon matter violation. The baryon matter and
density and dark matter density are related as ppm ~ 5.4pbaryon. Thus, the dark
matter may contribute to the invisible decays of baryon, such as A — invisible [3].
The search for invisible decays of A baryon has recently been performed with 10
billion of J/1 data through .J/¢ — AA for the first time using a double tag (DT)
technique [29]. In J/¢ — AA decay, we first select single tag (ST) events in which
A baryon candidate is reconstructed with its dominant decay mode of A — pm.
Then the recoil side is used to infer the invisible decays of A baryon. The signal
events for invisible decays of A baryon are extracted by performing a fit to the
total energy deposited in the EMC (Egymc) distribution. Because of the background
contribution from A — n7®, the Egyc includes the following three contributions,
Epvme = EE%/IC + Epyve + BB, where EEE/IC, EZc and ERSiEe are the energy
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due to electromagnetic showers from 70 decays, neutrons and shower unrelated to
the events. The Egyc distribution is expected to peak at zero for the signal-like

events and deviated from zero for background from A — nm®

, as seen in Fig. 4
(left). No evidence of significant signal events is observed and 90% CL upper limit

on B(A — invisible) is set to be less than 7.4 x 1075 shown in Fig. 4 (right).
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Figure 4: (Left) the Egymc distribution of data (black dots with error bar), signal MC (dashed
line) and background MC from A — n7® decay (solid line). (Right) the distribution of the
estimated B(A — invisible) obstained from pseudosamples.

Search for massles dark photon: A massless dark photon (v') is predicted by
the spontaneous breaking of Abelian group U(1)p [4, 5]. The massless dark photon
may also enhance the decay rate of FCNC processes in the charm-sector [6]. Such
a massless dark photon can be accessible via two-body decay of A. — py'. BESIII
has recently performed the search for massless dark photon via efe™ — ATAZ,
A} — py’ with 4.5 fb~! of data collected at center-of-mass energies between 4.6 and
4.699 GeV using a DT technique [30]. The data sample of A, baryon, referred to as
the ST sample, is reconstructed with its dominant hadronic decay modes and other
A} baryon is allowed to decay via AT — py’. The DT events of the square of the
recoil mass, Mfec (A-p)’ against the ST A and p are utilized to infer the massless
dark photon signal. The corresponding plot is shown in Fig. 5. No significant signal
events for massless dark photon is observed. The 90% CL upper limit on A} — py’)
is set to be less than 8 x 107°.
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Figure 5: The Mfec (Ap) distribution of the accepted DT candidate events of data (black dots

with error bar), signal MC (grey) and various background predictions shown by pattern coloured
histograms in (left) full spectrum and (right) signal region.
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Summary: BESIII has performed the searches for dark matter and axion-like par-

ticles using the data samples collected at several energy points, including J/v¢ and

1(2S5) resonances. No evidence of significant signal events is found in these sce-

narios, and set one of the most stringent exclusion limits. These exclusion limits

are helpful to constrain a large fraction of the parameter spaces of the new physics

models beyond the SM [3, 4, 5, 7, 8, 15]. Many new results are expected to release
soon with recently collected 20 fb=1 of 4(3770) data.
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