Progress in High Energy Physics

PHEP-04, 2025

Dark sector searches at Belle lI

L. Corona **
INFN Sezione di Pisa, 56127 Pisa, Italy

Abstract

Belle I has unique reach for a broad class of models that postulate the existence of dark matter particles
with MeV-GeV masses. In this manuscript, we present recent world-leading physics results from Belle II
searches for Z’ bosons, axion-like particles, and dark scalars in association with two muons in e™e™ colli-
sions; invisible particles produced in decays of T leptons; long-lived (pseudo)scalars produced in decays
of B mesons; inelastic dark matter; and the near-term prospects for other dark sector searches.
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1. INTRODUCTION

Several astrophysical observations suggest the existence of
dark matter (DM), a component of matter that does not inter-
act through strong or electromagnetic forces. Although DM
constitutes approximately 85% of the total matter in our Uni-
verse, its nature remains unknown. For this reason, DM is one
of the most compelling phenomena in support for physics be-
yond the Standard Model (SM). If DM consists of particles
feebly coupled with SM particles, it could be produced in SM
particle annihilations at high-energy colliders. The lack of evi-
dence of non-SM physics at the electroweak scale leads to hy-
pothesize sub-GeV DM particles feebly interacting with SM
particles through non-SM mediators. Sub-GeV DM and the
non-SM mediators belong to the dark sector, and efforts to
detect them have been actively pursued at beam dump and
high-intensity frontier experiments. Belle II [1, 3] is a high-
intensity frontier experiment that operates at the SuperKEKB
eTe” asymmetric-energy collider [2]. During the first data
taking run (2019-2022), Belle II collected a sample of et e~ col-
lision data corresponding to 427 fb~! of integrated luminos-
ity. From June 2022 to January 2024, there was a period of long
shutdown of the experiment dedicated to maintenance and
upgrades of both the SuperKEKB accelerator and the Belle
IT detector. On January 2024, the second data taking period
has started, and Belle II collected an additional data sample
of about 150 fb~! . Since the beginning of data taking in 2019,
Belle 1T has collected a dataset corresponding to 575fb~! of
integrated luminosity, of which 490 fb~! have been collected
at a center-of-mass energy +/s= 10.58 GeV, where pairs of B
mesons are produced at threshold. Thanks to the excellent re-
construction capabilities for low multiplicity and missing en-
ergy signatures, and dedicated triggers, Belle II has a unique
or world-leading sensitivity to dark sector particles with a
mass in the MeV-GeV range [4].
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2. RECENT DARK SECTOR RESULTS AT
BELLE II

Extensions of the SM predict several experimental signatures
that depend on the relation between the masses of an hypo-
thetical DM candidate and a dark sector mediator. If a DM
candidate exists and it is heavier than the dark sector media-
tor, the latter could decay to SM particles that can be detected
in the experiments. If the mass of the dark sector mediator is
sufficiently greater than the mass of the DM candidate, the de-
cay of the dark sector mediator to DM would be favored. The
DM would have a negligible interaction with the detector, so
the decays of the dark sector mediators to DM particles lead to
missing energy signatures. Finally, in models where the medi-
ators could decay to SM particles but the decay is suppressed,
the dark sector mediators could be naturally long-lived lead-
ing to signatures with displaced vertices. Belle Il has a unique
sensitivity to all these signatures, and we present here the lat-
est results on dark sector searches performed at Belle II.

2.1. Search for an invisible Z’

The L, — Ly model [5, 6, 7] introduces a light gauge bo-
son, Z’ , that violates lepton-flavor universality while con-
serving the difference between y and 7 lepton numbers. We
search for the invisible decay of the Z’ through the process
ete™ — utu~Z'(— inv.), where the Z’ is radiated off one
of the muons. The Z’ could decay invisibly to SM neutrinos,
with a branching fraction ranging in B (Z' — inv.)100% —
33% depending on the Z’ mass, as predicted by the L, — Lt
model, or to kinematically accessible DM candidates with a
branching ratio of B(Z' — inv.)= 100%. A signal would ap-
pear as a narrow enhancement in the recoil mass computed
against the two final-state muons, in events where nothing
else is detected. The main SM backgrounds are the follow-
ing: ete™ — ptu(7), where the photon 7 is not detected;
eTe™ — 17177 (), where the missing energy is due to neutri-
nos; and eTe™ — eTe” utp~ where the electron and positron
in the final state escape the detection. Theete™ — ete  pTpu~
events contribute mostly for recoil masses greater than 7
GeV/c? , while ete™ — utu~ () contributes mostly for re-
coil masses below 2GeV /c? . The ete™ — 77T~ events are
the main contribution to background elsewhere. The SM back-
grounds are suppressed using a neural-network trained si-
multaneously for all Z’ masses [8], and fed with kinematic
variables sensitive to the origin of the missing energy: in the
signal, the Z’ is produced as final-state radiation (FSR); in the
background, the missing energy is due to neutrinos or un-
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FIGURE 1: Observed 90% CL upper limits and correspond-
ing expected limits on the Z coupling as a function of the Z
mass, assuming the branching ratios predicted by the L, — L.
model.
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FIGURE 2: Observed 90% CL upper limits and corresponding
expected limits on the Z’ coupling as a function of the Z mass,
assumingB(Z' — inv.) = 100%

detected particles. The signal efficiency is typically 5%. The
main systematic uncertainties are from data-simulation com-
parison, ranging in 15%-35%. From 2D template fits to the
recoil mass squared, in bins of the recoil polar angle, we do
not observe any significant excess in 79.7fb~! of data, and we
set 90% C.L. upper limits on the cross section of the process
as small as 0.2 fb. Limits are mainly affected by statistical un-
certainties for m}, <6 GeV/c? , and systematic uncertainties
affect them by less than 5%. Above 6 GeV/C? limits are dom-
inated by systematic uncertainties, degrading them by 40%.
We translate the limits on the cross section into 90% limits
on the coupling of the L, — Ly model, g’ , as a function of
the Z’ mass, m’,. We exclude the region favored by the (g2),
anomaly [9], which could be explained by the L, — L+ model,
in the mass range 0.8 <m/, < 5GeV/C?

for the fully invisible L, — Ly model. Fig. 1 shows the re-
sults obtained assuming the branching ratios predicted by the
Ly — Ly model, while Fig. 2 shows the results obtained assum-
ing B (Z’ — inv.) = 100% [10, 11].

2.2. Search forete™ — utuX(— trt7)

We search for aX — utu~ 177" resonance, whereX could
be a Z' from the L, — L, model, a leptophilic dark scalar
S, or an axion-like particle (ALP), in ete” — ;ﬁr U~ events,

with 7 decaying to one charged particle. The S is a Higgs-
like spin-0 hypothetical particle that couples preferentially to
charged leptons through Yukawa-like couplings [12]. Axion-
like particles are pseudoscalars that appear in many SM ex-
tensions [13, 14]. Similarly to the Z' — inv. analysis, we
search for a narrow enhancement in the recoil mass against
two oppositely charged muons, in four track events with
zero net charge. The main SM backgrounds are QED radia-
tive dilepton, four lepton final-state processes, and eTe™ —
g4 () events. Standard Model backgrounds are suppressed
with eight neural-networks fed with kinematic variables sen-
sitive to the X-production mechanism as FSR off one of the
tw omuons,and trained in different X-mass regions. The sig-
nal efficiency ranges from 12% for the X-mass at the kine-
matic threshold to 2% for a X-mass of 10 GeV /c?. After the
background suppression, we observe large data simulation
discrepancy due to missing effect in simulation and non-
simulated processes. In particular, for recoil masses below 6
GeV /¢, the main contribution to the discrepancy is due to the
missing initial-state radiation effects in the sim ulation of four-
lepton final-state process; while for masses above 6 GeV/ 2
the main contribution to the discrepancy is due to two-photon
process eTe” — ete”h, where h is typically a low-mass
hadronic system, which is missing in the simula tion. Despite
the data-simulation discrepancy, the backgrounds are smooth
on the scale of the signal resolution, which is ~10 MeV, thus
they do not mimic the signal. To minimize the impact of not
correctly simulated background, the signal and background
yields are directly measured on data. Progress in High Energy
Physics The main systematic uncertainty comes from parti-
cle identification efficiency differences in data and simula-
tion. The total systematic uncertainty is ~ 10% From extended
maximum likelihood fits to the recoil mass distribution, we do
not observe any significant excess in 62.8 fb! of data. We de-
rive 90% C.L. upper limits on the cross section of the process,
olete = putu~) x B(X — tF17), that range from 0.7 fb to
24 fb. We reinterpret the upper limits on the cross sections in
the three different dark sector models considered. We ob tain
world-leading 90% C.L. upper limits on the S-coupling  for
mg > 6.5 GeV/c?, and on the ALP-lepton coupling |Cy;|/A,
in the entire mass range 3.6 < myrp < 10 GeV /2, assum-
ing equal ALP-couplings to the three lepton families and zero
couplings to all other particles [15]. For the reinterpretation,
we evaluated the signal effi ciency of the analysis in all the
models considered without observing significant differences.
Fig. 3 and Fig. 4 show the results obtained for the lep tophilic
dark scalar and for the ALP, respectively

2.3. Search forete — utuX(— utu)

We search for an X — uTyu~ resonance in ete” —
utu~utu events as a narrow enhancement in the dimuon
mass distribution in four-track events with zero net charge
and no extra energy. The X resonance could be a Z’ pre-
dicted by the L, — Lr model, or a muonphilic scalar S, which
is a spin-0 boson that couples exclusively to muons through
a Yukawa-like interaction. The dominant background is the
SM four-muon final-state process. Background is suppressed
by applying five neural networks trained on kinematic vari-
ables sensitive to the X-production mechanism, such as final-
state radiation (FSR) off one of the two muons, and the pres-
ence of a resonance in both the candidate and the recoil muon
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pairs, trained in different X-mass ranges. The signal efficiency
for the muonphilic scalar is generally smaller than in the Z’
case for masses above 1 GeV/c?, ranging from 15%-25% and
25%-35% respectively. In particular, for recoil masses below
6 GeV /2, the analysis is optimized for the Z’ case. The main
contribution to the discrepancy is due to the missing initial-
state radiation effects in the simulation of the four-lepton
final-state process, while for masses above 6 GeV/ 2, the main
contribution is due to the two-photon process ete™ —eteh,
where & is typically a low-mass hadronic system, which is
not included in the simulation. Despite the data-simulation
discrepancy, the backgrounds are smooth on the scale of the
signal resolution (10 MeV); thus, they do not mimic the sig-
nal. To minimize the impact of incorrectly simulated back-
ground, the signal and background yields are directly mea-
sured on data. The muonphilic scalar is produced through
a p-wave process due to angular momentum conservation
and has a higher momentum spectrum than the Z’, which
is produced via an s-wave. This implies the presence of a
higher-momentum muon, which is better identified and re-
constructed. For masses below 1 GeV/c2, this results in a
higher efficiency of 35% for the muonphilic scalar, compared
to 25% for the Z'. The main contribution to the systematic un-
certainty comes from the neural-network selections. The total
systematic uncertainty ranges from 9.5% to 13%, depending
on the mass. From extended maximum likelihood fits to the
dimuon mass distribution, we do not observe any significant
excess in 178 fb~! of data, and we set 90% CL upper limits
on the cross section of the process, ranging from 0.046 fb to
0.97 fb for the Z’ model and from 0.055 b to 1.3 fb for the
muonphilic scalar model. We interpret the results obtained on
the cross section as 90%CL limits on the Z’ coupling of the
Ly — Ly model and on the coupling of a muonphilic scalar S
with muons [16]. Despite the small dataset used, we obtain
similar results with the existing limits on Z’ from BABAR [17]
and Belle [18], which performed the analysis with 514 fb~!
and 643 f b1, respectively. We set the first limits for the muon-
philic scalar model from a dedicated search. Figures 5 and 6
show the results obtained for the Z’ the Ly — Lt model, and
for the muonphilic scalar model respectively .
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FIGURE 4: Observed 90% CL upper limits (UL) and corre-
sponding expected limits as a function of the mass on the
ALP-lepton coupling C;;/ A.

Expected UL *10 Expected UL +20
I 1 1 1

Belle Il preliminary j Ldt=178f"
-0
107°E Trident
o i
5 2
o 107 W
) E i, A A h
B 5 (95% CL,
10° ¢
: ——90% CL UL [ Expected UL + 16 [_] Expected UL + 20
10—4 . ol L P
1 10
2!
m,[GeV/cT]

FIGURE 5: Observed 90% CL upper limits and corresponding
expected limits as a function of the mass on the Z’ coupling of
the L, — Lt model
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FIGURE 6: Observed 90% CL upper limits and corresponding
expected limits as a function of the mass on the muonphilic
dark scalar model.
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2.4. Search for the T — la decay

Charged-lepton flavour violation (LFV) is allowed in vari-
ous extensions of the SM, however it has never been ob-
served. In these extensions, the LFV processes could be me-
diated by a new hypothetical « spin-0 boson. We search for
an invisiblea produced in thetr — Ia decay, with | = ¢, p,
in ete” — TTT events. We use a sample of 57.7 million
ete” — T1T1~ events,corresponding to an integrated lumi-
nosity of 62.8 fb~1. In the center of-mass frame, T pairs are
produced back-to-back so that the decay products of each
T lepton are contained in two separate hemispheres. The
tag hemisphere contains three charged hadrons from Trag —

h—hth~v; while the signal hemisphere contains only one
charged lepton with 1 = 7, K while the signal hemisphere
contains only one charged lepton from the Tig = [~ a-decay
For this analysis, T — v7jis an irreducible background.
However, the lepton momentum has a broad distribution for
the background, while it depends only on the a mass for the
signal and it appears as a bump over the irreducible back
ground. In particular, we search for an excess over the nor-
malized lepton energy spectrum x; of T — [v.9;, where x; =
2Ef /mz, performing template fits. The energy Ef is defined
in the approximate rest frame of 7, i.e. where Ex = \Vs/2
and +/sis the energy in the center of-mass frame, and the 7,
direction is opposite to the Ty, direction. The signal efficiency
de pends on the a — mass: it varies between 9.4% and 13.9%
for the T~ — e~ a decays, and be tween 9.1% and 17.4%
for the T~ — u~a decays. The main systematic uncertain-
ties originate from lepton-identification efficiency and parti-

cle misidentification rate, based on data-simulation compar-
ison. We do not find any significant excess in 62.8 fb~! of
data, and we set world-leading 95C.L. upper limits to (T —
la)/B(t — 10jv7), as a function of the M, mass[19]. Theup-
perlim its range in 1.1-9.7 x 102 for the electron channel and
in 0.7-12.2 x 103 for the muon channel. Systematic uncertain-
ties degrade on average our upper limit sensitivity by approx-
imately 35% in both channels. Results are shown in Fig. 7 and
Fig. 8.

2.5. Search for a long-lived (pseudo)scalar in b — s transi-
tion
Some extensions of the SM introduce a new light scalar S that
may give mass to DM particles. The scalar S would mix with
the SM Higgs boson through a mixing angle 6, and would be
naturally long-lived for small values of 0. We search for BY —
K*9(— K*n7)S and BT — K*S events, with S — xtx~(x =
e, it, 1, K) forming a decay vertex displaced from the B decay
vertex. We use a sample of (198 4 3)10°BB pairs, correspond-
ing to an integrated luminosity of 189 fb~!. The signal yield
is extracted through extended maximum likelihood fits to the

. . " _ a2 2
reduced invariant mass of S, Mg_, x = Mg xx —4M%, in

order to im prove the modeling of the signal width close to the
kinematic thresholds. The main background components are
the combinatorial e e~ — g4, suppressed by requiring a kine-
matics similar to B-meson expectations; B — KKg(— 7t 717),
vetoed; and B — KxTx~ decays without inter mediate long-
lived particles decaying to x*tx~, suppressed by tightening
the displacement selections. The main systematic uncertain-
ties are as sociated with the signal efficiency and with the sig-
nal model used for the fit. The systematic un certainties on
the signal efficiency are mainly due the difference in data and
simulation of the track finding efficiency for displaced ver-
tices,and range from 4%, for most of masses and lifetimes, up
to 10%, for the lightest masses in the S — etTe™ channel. The
typical total uncertainty for the sig nal model is about 15%
for the signal width and around 10% for the tail parameters.
We do not observe any significant excess in Progress in High
Energy Physics 189 fb! of data, and we set the first model in-
dependent limits at 95% C.L. on B(B —KS) x B(S — xTx™) as
a function of the scalar mass m; for different S-lifetimes at the
level of 107. We reinterpret the results in the (sinf, ms) plane,
wherethe mixing angle of S with the SM Higgs. Results are
shown in Fig. 9 and Fig. 10 [20]

2.6. Search for inelastic dark matter with a dark Higgs

A simple non-minimal model for light dark matter introduces
inelastic dark matter (IDM), where DM couples inelastically
to SM particles [21]. The IDM consists of a relic DM candidate
X1 that can be excited to a ), state by absorbing a massive
dark photon A’. The A’ couples to SM photon, via kinetic mix-
ing with strength eandtoD M, withcouplinggp = /4map, and
decays predominantly via A" — x1x». For a sufficient small
mass splitting A = m,q — my, or a sufficient small A’ cou-
pling, the x» state results to be long-lived before decaying to
x1 and a pair of SM particles, while ), is stable and escapes
the detection. To explain the A’ mass and the mass splitting A,
the IDM model can be extended introducing a Higgs mech-
anism induced by a dark Higgs h’. Generally, the h’ can mix
with the SM Higgs with mixing angle 6 and it results to be
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plane compared to existing limits from other experiments, for
a specific configuration of the model parameters.

naturally long lived for small values of 6. The coupling be-
tween DM and W, k ~ gpA/m’,, depends on the other pa-
rameters of the model [22, 23]. We search for a dark Higgs
boson produced in association with IDM through the pro-
cess ete™ — HW(— xtx)A (= xix2(— xiete™)), where
xt = pt, 7%, K We restrict to the case myy < my < mu
, which allows to evade some of the existing constraints on
DM. The signature consists of four tracks in the final state plus
missing energy. The four tracks form up to two dis placed ver-
tices, one pointing and the other non pointing to the interac-
tion point (IP). In signal events, the missing energy is due to
X1 produced in the x> and A decays. A signal would appear
as a narrow enhancement in the invariant mass m(x"x~) For
the analysis, we use 365 fb'. Due to the peculiar signature, the
analysis is challenging for the tracking and trigger systems
but the SM background is ~ zero. The main selections applied
to reduce the SM background are the following ones: to sup-
press prompt SM backgrounds, we require at least one of the
two vertices be displaced with a transverse distance from the
IP higher than 0.2 cm; we require the h’ vertex to point at the
IP; to suppress background from photon conversions in the
detector mate rial, we require a opening angle between the
two tracks higher than 0.1 rad; to suppress SM back grounds
with no missing energy associated, we require the total miss-
ing energy in the center-of mass frame to be greater then 4
GeV, i.e. two times the minimum )7 mass considered. We veto
the regions around the K and the A masses in the

W — 7" 7 final state to suppress back ground from K2 and
A decays; we veto the region around the ¢ mass in the

I — KTK~ final state to suppress contribution from ¢ de-
cays produced in ete™ — ¢(— KTK™)y(— eTe™). The sig-
nal efficiency varies from few percent up to 20%, depending
mostly on the displacements of the h’. The main systematic
uncertainties, varying from 4% to 10% depending on the f’
masses and displacements, are associated to the signal effi-
ciency. The dominant systematic uncertainty on the signal ef-
ficiency is due to data-simulation discrepancies in track find-
ing for displaced vertices Given the small number of back-
ground events expected, we apply a counting technique to ex
tract the signal. We do not observe any signif icant excess com-
patible with signal events, thus we set 95% C.L. upper limits
on the cross section oyj = o(eTe™ — WA (= xix2) x p(W —
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model parameters. In the y definition, € is the strength of the
kinetic mixing of the dark photon (A’) with the SM photon,
ap is the A’-DM coupling, and m,1 and m 4: are the masses of
x1 and A’ respectively

xTx7) x B(x2 = x1eTe™). We reinterpret the results obtained
on the cross section as 95% C.L. limits on the sinf as a func-
tion of the h” mass, where 6 is the h’-SM Higgs mixing angle,
and on the dimensionless variabley = €%« p(ny/m a)rasa
function of the x1 , for different configurations of the model
parameters. Fig. 11 and Fig. 12 show the exclusion regions at
95% C.L. in the (sin6, my,) and in the (y, m,) planes, respec-
tively, compared to existing limits from other experiments, for
a specific configuration of the model parameters

3. SUMMARY

We presented the latest Belle II world-leading results from
dark sector searches. The results use subsets of the 427 fb~!
collected in the first data taking run (2019-2022) at Belle II.
Other Belle II results include the search for axion-like parti-
cles decaying to a two-photon fi nal state with 445 pb~! col-
lected in 2018 [24], which is in the process of being updated
with the full dataset collected so far. Particularly interest ing
for dark sector searches is the excess observed in B — Kvd
decays at Belle II, which is 2.7 standard deviations from the
Standard Model expectation [25], that could be explained by a
long-lived axion-like particle; a two-body decay reinterpreta-
tion of the B — Kv7 result is in progress. Newresults with im-
proved analyses and larger data samples,including data col-
lected during the second data taking run started in 2024, are
expected to push further the Belle II sensitivity to the dark
sector.
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