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search for Axion-like particles (ALPs) in B meson decays; and a search for feebly interacting
particles (FIP) as missing energy in B decays.
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Results from Belle and Belle Il for Dark Sector searches

1. Motivation

There is a wide range of experimental evidence for the existence of an unknown form of matter,
commonly referred to as Dark Matter [1] [2]. Many Beyond Standard Model theoretical frameworks
propose new particles as Dark Matter particles, spanning a broad range of energy scales. Among
these possibilities, an especially intriguing scenario is the existence of a new sector built largely
upon the same principles as the Standard Model (SM) in which dark matter particles arise naturally.
Such a framework is commonly referred to as a Dark Sector. One of the most compelling aspects of
the Dark Sector hypothesis is that it can provide a natural extension of the SM at comparable energy
scales, typically in the MeV-GeV range, albeit with extremely feeble interactions with SM particles
or via new types of forces mediated by new bosons [3]. Several possible interaction mechanisms, or
portals, have been proposed to connect the two sectors. These include the vector portal, mediated
by a dark photon A’; the scalar portal, involving a dark Higgs boson h’; the pseudoscalar portal,
associated with axion-like particles (ALPs); and the neutrino portal.

A significant portion of the relevant parameter space remains unexplored by the broad ex-
perimental program currently searching for such particles. In this context, the Belle and Belle
II experiments provide a unique environment for probing these scenarios, thanks to their high
sensitivity to rare processes at the MeV—-GeV energy scale.

2. The Belle II experiment at KEK

The Belle [4] experiment at the KEKB collider [5] represented the first generation of B-factories,
a class of experiments designed to study B mesons decays. The experiment use electron-positron
collisions at a center-of-mass energy corresponding to the Y (4S) resonance. Belle operated from
1998 to 2010, collecting about 1 ab~! of data. Its successor, the Belle II [6] experiment at the
SuperKEKB [7], represent the second generation of B-factories. During the first run (2018-2022)
it collected 432 fb~! of data, and from the start of the second run in 2024 it collected nearly 300
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fb~!. SuperKEKB has achieved a world record instant luminosity of 5.1 x 10°** cm=2s~!, with a

~25~! and targeting 50 ab~! of integrated luminosity.

design goal of 6x 10°° cm

The collider and detector configuration provide particularly favorable conditions for searches
for dark-sector particles. Electron—positron collisions produce relatively clean events with low
particle multiplicity and well-defined initial conditions, which facilitates precision measurements
and missing-energy searches. The Belle II detector is a multilayer apparatus surrounding the
interaction point (IP). Charged particles are reconstructed by silicon tracking detectors and a
central drift chamber, while particle identification (PID) is achieved through several dedicated
subsystems. Photons and electrons are detected by an electromagnetic calorimeter located inside a
1.5 T superconducting solenoid, and muons are identified by the KLM detector embedded in the

iron flux return.

3. Search for inelastic dark matter with a dark Higgs boson

This analysis is performed by the Belle II collaboration with 365 fb~! searching for inelastic dark
matter [8] with a dark Higgs boson in the channel: e*e™ — h'(— x*x7)A’(— xi1x2(— e*e™)),
withx = u, K, .
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The particles x>, x1 represent two dark matter states with mass splitting Am = m,, —m,,
where the transition between the heaviest state y, and the lightest state y| can happen via the
emission of a massive dark photon A’. The interaction strength between the dark matter particles
and A’ is parametrized by the dark coupling ap. The dark photon also can mix kinematically with
the SM photon with a mixing parameter €, allowing for a decay into SM particles. In this scenario
thus, the y» couples inelastically with SM, while the stable state y; constitutes the dark matter relic
candidate. In this model the dark photon A" acquires mass through a dark Higgs boson 4#’. Due
to its scalar potential, the dark Higgs mixes with the SM Higgs with a mixing angle 6 and thus
decay into fermions (x*x~). The parameters 6 and € determine the lifetime respectively of 4" and
X2: smaller values of these parameters correspond to longer lifetimes. Depending on the choice of
parameters, the decay vertices of the intermediate particles may be displaced from the IP, leading
to experimental signatures featuring up to two displaced vertices in the detector.

The search focus only on the e*e™ decay of the A’ due to better trigger trigger efficiency for
electrons, which is based on the ECL. The event reconstruction requires two displaced vertices.
One originating from the decay of the dark Higgs A’ — x*x~, with a pointing requirement: the
angle between the reconstructed h® momentum and the vector from the IP to the decay vertex is
required to be small (the vertex is "pointing back” to the IP). The second vertex originates from
the decay y» — yi1e*e”, which does not point to the IP. In addition, missing energy is expected
due to the invisible y; particle escaping the detector. The reconstruction is challenging due to
the presence of displaced vertices and the presence of background from photon conversion in the
detector material. However, exploiting the requirement that the h’ vertex points back to the IP
strongly suppresses the background. After also applying a veto around the Kg mass region, the
analysis is nearly background free.

The search looks for an excess in the invariant mass of the &’ decays products. Given the
low expected event counts, a cut-and-count method is applied within each signal window and the
background is estimated directly from data using sideband regions.

The invariant mass spectrum of the 7* 7~ channel is shown in figure 1. This channel is the one
which exhibits the largest number of observed events (zero events are observed in the u channel and
one in the K channel).

No significant excess of data is found. The analysis sets 95% confidence level upper limits on the
parameter § and the parameters €2 X ap, as shown in figure 2 and 3. Additional limits corresponding
to different parameter configurations are presented in the publication [9]. These results demonstrate
that the Belle II experiment probes regions of parameter space that were previously unexplored by
other experiments. For the 6 parameter this work improves the previous search for a long lived dark
scalar at Belle II, the first one performed with a displaced vertex in the final state [10].

4. Search for an ALP in B meson decays

This is a Belle analysis performed with 711 fb~!, corresponding to roughly 772 million Y (4S)
decays. The search [17] targets the channel B — K*)a(— vyy), where the axion-like particle
decays into two photons. Four kaon modes are included: Kg, K*,K** and K*°. The analysis probes
models in which an ALP in the MeV-GeV mass range couples to the W boson with strength g, w.
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Figure 1: Data (dots) and MonteCarlo distributions for the invariant mass of two pions M., in the
R (— n*7~) channel. This correspond to the channel with most data.
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Figure 2: Parameter space given by the mass of the dark Higgs m(4’) and the § mixing angle between the
dark Hlggs and SM Higgs particle. The green shahded area correspond to the 95% CL upper limits on the
6 parameter allowing for displaced vertex signatures for this analysis [8]. The other model parameters are
fixed to the values indicated in the legend. Equivalent plots for alternative parameter configurations can be
found in the full paper.

For ALPs much lighter than the W boson, as in this scenario, the decay @ — 7y is expected to be
close to 100%.

The signal B meson candidate is reconstructed by combining two photons, reconstructed from
ECL clusters, with the candidate K mode. The reconstruction exploits the absence of missing
energy in the final state. This is done by constraining the reconstructed B meson mass and energy
to the nominal value.

The signal yield is extracted by fitting the invariant mass of the two final state photons. The
parameters describing the signal shape are determined from Monte Carlo simulation studies. The
background arises mainly from the continuum process e*e~ — ¢¢, which is suppressed by the use
of Boosted Decision Trees (BDTs) based on kinematic and event-topology variables. Additional
BDTs are used to reject events in which the photons originate from neutral mesons, such as 7°
rather than from the ALP decay.

Figure 4 shows the spectrum of the studied M, . Peaks corresponding to known background

’
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Figure 3: Parameter space given by the mass of the dark matter candidate m(y{) and the product e Xap,
to which the darkHiggsshtralung cross section is proportonal to. The green shahded area correspond to the
95% CL upper limits on the € x ap from this analysis [8]. The other model parameters are fixed to the
values indicated in the legend. Equivalent plots for alternative parameter configurations can be found in the

full paper.

resonances are vetoed and used as control channels to validate the signal extraction procedure.

The final fit is performed simultaneously on all four kaon modes. No significant excess is
found, thus the 90% C.L. upper limits are set on the g, w coupling. The results are shown in figure
5. This analysis improves the previous limits coming from BABAR [11] by at least a factor 2, and
currently holds the best limits for the considered mass range.
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Figure 4: Invariant mass distribution of the two photons, M, corresponding to the ALP mass. The data

are represented by the black dots.
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Figure 5: Parameter space given by the ALP mass m, and the ALP-W boson coupling g, w. Limits set at

90% CL from this analysis are shown in purple.
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5. Search for feebly interacting particles in B meson decays with missing energy

This is a Belle analysis [18] searching for feebly interacting particles (FIP) as missing energy
in B mesons decays. The channels which this analysis focus on are of the type Y(4S) — Byiq(—
hX(— inv.))B;qq(— Y), where h is a generic hadron produced in the signal-side By, X is the FIP
particle and Y indicates a fully reconstructed final state for the tag-side meson B;,g. This analysis
is broadly interpretable across different theoretical scenarios, for example: « as axion-like particles
(ALPs) [12], or a new long lived scalar mediator S[13], or dark baryon [14]. In all cases, the X
particle is assumed to not interact or decay in the detector, resulting in a missing energy signature.

The analysis is performed on the full Belle dataset 711 fb~!. The investigated signal meson
decays are Byjy — ha include h = (7%, K*, p*, D}, D®). The mass range for the new particle
a ranges from 1 MeV up to 5 GeV, depending on the available kinematic of the chosen channel.
Restricting the signal-side decays to two-body processes allows the mass of a to be uniquely
determined from the momentum of the hadron in the center of mass frame p;,. The search for
signal is performed as a search for a narrow peak in the hadron momentum spectrum. The event
reconstruction follows a common selection procedure across all channels. The tag-side meson
B ag 1s fully reconstructed using the Full Event Interpretation (FEI) algorithm, which combines all
reconstructed particles in the final state to identify the decay chain.Events are required to satisfy
the energy consistency condition AE = Epeqm — Erag ~ 0 GeV, ensuring no missing energy
in the tag-side reconstruction. The signal meson By;, is partially reconstructed, with only the
hadron track, which must not be used in the FEI. Channel-dependent particle identification (PID)
requirements are applied to ensure the correct hadron species. The Rest of Event (ROE) is defined
from all particles in the final state non associated with either B;,e or By;e. For the ROE, there
is the requirement of no additional tracks and no energy deposits in the ECL above 1.5 GeV. The
background in mainly given by generic BB decays and the continuum e*e™ — ¢4, both rejected
with the use of BDTs. Peaking backgrounds are treated differently: for narrow resonances such
as the K or D*, the corresponding mass regions are vetoed; while rare decay processes producing
similar kinematic features are modeled using probability density functions (PDFs) identical to those
used for the signal.

The fit on the hadron momentum p;, is performed in sliding windows across the spectrum, and
the signal PDF is parametrized as a a function of such variable. No excess is found, thus the 90%
C.L. upper limits are set on the branching ratios, as shown in figure 6. In the same figure, we also
show the sensitivity under the assumption of a decaying particle X — 7. In this scenario, X is
not fully invisible, as its decay may occur within the detector volume if its lab-frame decay length
is comparable to the detector size. The limits are obtained by applying the analysis selections to
simulated B — hX(— 7yy) signal events. Therefore, these limits do not arise from a dedicated
search for this topology. Instead, they serve to illustrate the range of lifetimes for which such decays
would still appear effectively invisible and thus pass the nominal selection.

This analysis improves by almost one order of magnitude the previous ones for the Belle II
searches B — ma [15] and B — Ka [15], and the BABAR search B — pa [16]. For the D
channels, these represent the first computed limits.

The obtained limits on the branching fractions can be translated into constraints on coupling
parameters within specific theoretical models. Two example interpretations are shown in Fig. 7. In
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the first case, the particle « is interpreted as an ALP produced via flavor-changing neutral currents
in B-meson decays, leading to limits on the ALP—W boson coupling. In the second interpretation,
«a is treated as a long lived dark scalar S mixing with the SM Higgs boson, allowing limits to be
set on the scalar mixing angle 6. In both cases, the results from this Belle analysis improve upon
previously established experimental bounds.
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Figure 6: 90% CL upper limits on the branching fraction of the B — ha for the considered channels.
The black line corresponds to the observed limits in the case of X — inv.. Replacing the invisible decay
assumption with X — yy yields the colored limits, shown for several orders of magnitude of crx. Gray
bands correspond to the vetoed mass regions.
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Figure 7: Limits recast on the coupling parameters for two interpretations. On the left, the interpretation
of X as an ALP particle (a) mixing with the W boson leads to upper limits on the g, w. On the right, the
interpretation of X as a massive scalar boson S leads to upper limits on the mixing angle 6 between the scalar
and the SM Higgs.
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6. Conclusion and outlook

The Belle and Belle II experiments provide a unique environment for probing dark sector
scenarios and light dark matter candidates in the MeV—-GeV mass range. Thanks to the clean
experimental conditions of e*e™ collisions, the excellent detector hermeticity, and, specifically for
Belle II, trigger deditcate to low multiplicity events, Belle and Belle II are particularly sensitive to
signatures involving low-multiplicity final states, displaced vertices, and missing energy.

This contribution has reviewed recent results from the two experiment in searches for dark sector
particles. No significant deviations from the Standard Model expectations have been observed.
These analyses set stringent constraints on a broad range of well-motivated dark sector scenarios,
including inelastic dark matter with a dark Higgs boson, axion-like particles produced in rare B-
meson decays, and feebly interacting particles escaping detection as missing energy. For all three
searches, the obtained exclusions significantly extend previous experimental bounds and, over large
regions of parameter space, provide the most stringent limits currently available worldwide.

The physics potential of Belle II is expected to increase substantially with the ongoing ac-
cumulation of data, together with continued developments in trigger strategies and reconstruction
techniques [19]. Belle II will further expand its sensitivity to dark sector phenomena and remain a
key experiment in the search for physics beyond the Standard Model.
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