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1. Introduction

1.1 Motivations for the dark sector

Evidences for dark matter inferred from many astrophysical observations certainly lead to
speculations for new physics beyond the Standard Model (SM). In particular, observations by
PAMELA, AMS, etc. have triggered light dark matter and dark sector scenarios [1]. Moreover, at-
tempts at formulating a unified theoretical framework for explaining all these observations have led
to dark sector models where a hidden sector with new gauge interactions may be incorporated [2].

The dark sector can be connected to SM via the so-called portals. Possible candidates for such
portals include Higgs, vector bosons, neutrinos, and axions. Vector boson portal particle can be the
mediator of a hidden-sector U(1) gauge interaction and is often termed as ‘dark photon’ (denoted
as A′) [3]. From the observed astrophysical data, the mass of A′ is conjectured to be in the range of
(MeV/c2−GeV/c2). It has been suggested that a vector gauge boson of a hidden sector will mix
with the SM photon via the kinetic mixing term εmFµνF ′µν , where εm is the strength of the kinetic
mixing and is supposed to be small. For A′ to acquire mass, an extended Higgs sector might be
required in order to break this U(1).

1.2 Opportunities at the e+e− B-factories

Given the speculations of low-mass (sub-GeV/c2) and small-coupling with an SM photon of
the proposed dark photon, experiments at high-luminosity low-energy machines as well as ded-
icated beam-dump experiments are ideal places to look for dark photons and other dark-sector
particles. In the e+e− B-factories such as BaBar and Belle, dark photon and dark Higgs (denoted
as h′) can be searched for in both initial-state-radiation (ISR) processes and B-meson decays.

In this write-up, we show recent results of dark photon and dark-sector particles at Belle. In
particular, we present the following searches: for dark photon and dark Higgs via Higgsstrahlung
(section 2), for a dark gauge boson coupling predominantly to quarks in η decays (section 3), and
for D0 decays to invisible final states (section 4).

2. Dark-photon via Higgsstrahlung

Analyzing 977 fb−1 data sample of Belle, we search for dark photon and dark Higgs in a Hig-
gsstrahlung process e+e−→ h′(→ A′A′)A′ [5]. In this search we consider only the case mh′ ≥ 2mA′

so that the decay h′ → A′A′ is kinematically allowed. Ten exclusive final states are investigated:
3(`+`−), 2(`+`−)(π+π−), 2(π+π−)(`+`−) and 3(π+π−) where `+`− is either e+e− or µ+µ−

but not τ+τ−. In addition, we also search for three inclusive channels of the type 2(`+`−)X for
mA′ > 1.1 GeV/c2, where X is a dark photon candidate inferred from the missing mass.

For exclusive (inclusive) final states, we require the invariant mass of each `+`− or π+π−

pair to be consistent with three (two) distinct dark photon decays to `+`− or π+π−. The dark
photon candidates are sorted by mass in the order m1

A′cand
> m2

A′cand
> m3

A′cand
. The signal region is

defined by the mass difference ∆mA′ ≡m1
A′cand
− m3

A′cand
which must be close to zero. The amount of

background events in the signal region is determined by calibrating Monte-Carlo distribution using
the same-sign lepton or pion pairs.
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FIG. 2: (a) : Signal candidates observed versus dark pho-
ton canditate mass, mA0cand. , and dark Higgs candidate mass,
mA0cand.A0cand. , for the 13 final states. There are 3 entries
per event. (b) and (c): Projection onto mA0cand.A0cand. and
mA0cand. for the data (red squares) and same-sign normalized
(blue squares). The dark photon mass candidate distribu-
tion has been scaled by 3. (d): Normalized residual between
data and same-sign scaled distribution for the dark photon
candidate mass (red points) and dark Higgs mass candidate
(black squares). The same-sign error bars contain statistical
and systematic errors. For empty bins, the systematic error
is 1 count.

momenta of the initial-state electron and positron and
the two-final state dark photon candidates. The mass
mX of this missing four-momentum is then compared to
the reconstructed masses of dark photon candidates 1
and 2 using �m = mX � (m1

A0cand. + m2
A0cand.)/2. We

select final states with

��mmin < �m < �mmax (2)

, where the optimized limits �mmin and �mmax each
depend on the measured mean mass of dark photons 1
and 2.

For exclusive (inclusive) channels, we then require the
invariant masses of dark photon candidates, mA0cand. , to
be consistent with three (two) distinct A0 ! l+l� or
⇡+⇡� decays. Signal candidates with three (two) “equal”
dark photon masses are kept by requiring

mmin
A0cand. < mA0cand. < mmax

A0cand. (3)

, where the optimized limits mmin
A0cand. and mmax

A0cand. each
depend on the measured mean mass of the three exclusive
(two inclusive) dark photon candidates and the simulated
width of the invariant mass distribution of the dark pho-
ton.

If, for a given final-state, more than one signal candi-
date per event fulfills the selection criteria, we select the
candidate with the smallest �m (for the exclusive chan-
nels: �3

1�m2
i with

�mi = mi
A0cand. � (m1

A0cand. + m2
A0cand. + m3

A0cand.)/3).

To ensure only one final-state per event is selected, we
place the candidates into one of the following categories
in this order: (1) exclusive channels with 6 leptons, (2)
exclusive channels with four leptons, (3) exclusive chan-
nels with two leptons, (4) the 3(⇡+⇡�)�channel, and fi-
nally (5) inclusive channels. We apply this ordering after
we select three dark photon candidates but selecting a
signal candidate from the highest category. For the sig-
nal MC simulation, the fraction of events with multiple
signal candidates ranges from 7% to 15% in the 7 chan-
nels, where we apply this ordering. For data, the fraction
is below 0.5% in all channels.

We optimize the particle identification, final mass con-
straint, and �mmin, �mmax, mmin

A0cand. and mmax
A0cand. pa-

rameters on a signal MC simulation using the figure-
of-merit S/

p
S + B, where S is the number of selected

events correctly reconstructed, and B is the number
scaled of misreconstructed events in the signal region, as
illustrated in Fig. 1. The scaling is equivalent to deter-
mine the expected signal yield. We estimate B by count-
ing “same-sign” signal candidates scaled from the signal
MC sample, where at least one dark photon candidate is
reconstructed from two tracks with charges of the same
sign, enforcing all selection criteria except charge conser-
vation. We determine the figure-of-merit by simulating
MC samples with specific combinations of dark photon
and dark Higgs masses, and interpolating between sam-
ples. The detection e�ciency is in average for 3(e+e�)
and 3(µ+µ�): 20% and 30%, respectively.

We estimate the background with a data driven
method using “same-sign” events. We sort the dark pho-
ton candidates by mass in descending order: m1 > m2 >
m3 and calculate the mass di�erence m1�m3. We divide
the data into di�erent bins of m1, with each bin analyzed
separately. We divide the m1 �m3 distribution into two
regions: the signal and sideband. The signal region size is
determined by equation (3). The sideband region starts
at 1.5 times and ends at 5.0 times the signal region upper
limit. Figure 1 shows the mass di�erence m1�m3 for the
bin m1 = 2.0 ± 0.1 GeV/c2 for the six-pion final state.
We assume that the same-sign and the opposite-sign dis-
tributions have the same shape (but di�erent normaliza-
tion) in both the signal region and the sideband, in the
absence of signal. Therefore, the same-sign distribution
(blue points) is normalized to the opposite-sign distribu-
tion (red points) by a factor calculated from the sideband
of each m1 bin. The expected background in each bin is
then the scaled number of events counted in the signal
region of the same-sign distribution. This procedure is
illustrated by Fig. 1. The opposite-sign and scaled same-
sign distributions are consistent in the signal region and

• 19% of events due to 3(⇡+⇡�)

• 74% due to 2(⇡+⇡�) X

• no excess of signals in any
channel
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FIG. 2: (a) : Signal candidates observed versus dark pho-
ton canditate mass, mA0cand. , and dark Higgs candidate mass,
mA0cand.A0cand. , for the 13 final states. There are 3 entries
per event. (b) and (c): Projection onto mA0cand.A0cand. and
mA0cand. for the data (red squares) and same-sign normalized
(blue squares). The dark photon mass candidate distribu-
tion has been scaled by 3. (d): Normalized residual between
data and same-sign scaled distribution for the dark photon
candidate mass (red points) and dark Higgs mass candidate
(black squares). The same-sign error bars contain statistical
and systematic errors. For empty bins, the systematic error
is 1 count.

momenta of the initial-state electron and positron and
the two-final state dark photon candidates. The mass
mX of this missing four-momentum is then compared to
the reconstructed masses of dark photon candidates 1
and 2 using �m = mX � (m1

A0cand. + m2
A0cand.)/2. We

select final states with

��mmin < �m < �mmax (2)

, where the optimized limits �mmin and �mmax each
depend on the measured mean mass of dark photons 1
and 2.

For exclusive (inclusive) channels, we then require the
invariant masses of dark photon candidates, mA0cand. , to
be consistent with three (two) distinct A0 ! l+l� or
⇡+⇡� decays. Signal candidates with three (two) “equal”
dark photon masses are kept by requiring

mmin
A0cand. < mA0cand. < mmax

A0cand. (3)

, where the optimized limits mmin
A0cand. and mmax

A0cand. each
depend on the measured mean mass of the three exclusive
(two inclusive) dark photon candidates and the simulated
width of the invariant mass distribution of the dark pho-
ton.

If, for a given final-state, more than one signal candi-
date per event fulfills the selection criteria, we select the
candidate with the smallest �m (for the exclusive chan-
nels: �3

1�m2
i with

�mi = mi
A0cand. � (m1

A0cand. + m2
A0cand. + m3

A0cand.)/3).

To ensure only one final-state per event is selected, we
place the candidates into one of the following categories
in this order: (1) exclusive channels with 6 leptons, (2)
exclusive channels with four leptons, (3) exclusive chan-
nels with two leptons, (4) the 3(⇡+⇡�)�channel, and fi-
nally (5) inclusive channels. We apply this ordering after
we select three dark photon candidates but selecting a
signal candidate from the highest category. For the sig-
nal MC simulation, the fraction of events with multiple
signal candidates ranges from 7% to 15% in the 7 chan-
nels, where we apply this ordering. For data, the fraction
is below 0.5% in all channels.

We optimize the particle identification, final mass con-
straint, and �mmin, �mmax, mmin

A0cand. and mmax
A0cand. pa-

rameters on a signal MC simulation using the figure-
of-merit S/

p
S + B, where S is the number of selected

events correctly reconstructed, and B is the number
scaled of misreconstructed events in the signal region, as
illustrated in Fig. 1. The scaling is equivalent to deter-
mine the expected signal yield. We estimate B by count-
ing “same-sign” signal candidates scaled from the signal
MC sample, where at least one dark photon candidate is
reconstructed from two tracks with charges of the same
sign, enforcing all selection criteria except charge conser-
vation. We determine the figure-of-merit by simulating
MC samples with specific combinations of dark photon
and dark Higgs masses, and interpolating between sam-
ples. The detection e�ciency is in average for 3(e+e�)
and 3(µ+µ�): 20% and 30%, respectively.

We estimate the background with a data driven
method using “same-sign” events. We sort the dark pho-
ton candidates by mass in descending order: m1 > m2 >
m3 and calculate the mass di�erence m1�m3. We divide
the data into di�erent bins of m1, with each bin analyzed
separately. We divide the m1 �m3 distribution into two
regions: the signal and sideband. The signal region size is
determined by equation (3). The sideband region starts
at 1.5 times and ends at 5.0 times the signal region upper
limit. Figure 1 shows the mass di�erence m1�m3 for the
bin m1 = 2.0 ± 0.1 GeV/c2 for the six-pion final state.
We assume that the same-sign and the opposite-sign dis-
tributions have the same shape (but di�erent normaliza-
tion) in both the signal region and the sideband, in the
absence of signal. Therefore, the same-sign distribution
(blue points) is normalized to the opposite-sign distribu-
tion (red points) by a factor calculated from the sideband
of each m1 bin. The expected background in each bin is
then the scaled number of events counted in the signal
region of the same-sign distribution. This procedure is
illustrated by Fig. 1. The opposite-sign and scaled same-
sign distributions are consistent in the signal region and

• 19% of events due to 3(⇡+⇡�)

• 74% due to 2(⇡+⇡�) X

• no excess of signals in any
channel
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(b)

Figure 1: (a) Signal candidates observed for the 13 final states shown in 2-dimensional distributions in dark-
photon mass mA′ and dark-Higgs mass mA′A′ . (b) Projection of signal candidates unto mA′ (red) overlaid with
the projected background (blue) determined by the scaled same-sign distribution.

Figure 1(a) shows two-dimensional distributions, in dark-photon mass mA′ and dark-Higgs
mass mh′ = mA′A′ , of the signal candidates observed for the 13 final states. 74% of the candidate
events are in the inclusive mode 2(π+π−)X and 19% are in the exclusive 3(π+π−) mode. Fig-
ure 1(b) is the projection of signal candidates unto mA′ (red) overlaid, for comparison, with the
projected background (blue) determined by the scaled same-sign distribution. The discontinuity at
1.1 GeV/c2 is an artifact due to opening the inclusive modes above this mass point. For exclusive
modes, the dominant background is due to ρ, ω mesons from e.g. SM two-photon processes. We
find no excess of signal over the expected background in any mode.

We determine upper limits, individually for each final state, on BσBorn where B is the branch-
ing fraction to each final state and σBorn is the Born cross section which is related to the number of
observed events by

Nobs = BσBorn(1+δ )|1−Π|2L ε +Nbkg

where 1+ δ is the correction for initial-state radiation, |1−Π| is for vacuum polarization, L is
the integrated luminosity, and ε is the efficiency. For exclusive modes, the 90% confidence level
(CL) upper limits on BσBorn are in the range (10− 20) ab, in the mass region 0.1 GeV/c2 <

mA′ < 3.5 GeV/c2 and 0.2 GeV/c2 < mh′ < 10.5 GeV/c2, while for inclusive modes the limits
are (20− 60) ab for 1.1 GeV/c2 < mA′ < 3.5 GeV/c2. The individual limits are combined for all
modes, which is then converted to the limit on αDε2

m. Figure 2 shows the 90% CL upper limits
on αDε2

m vs. mA′ (top row) and vs. mh′ (bottom row) for Belle (solid red) and BaBar [6] (dashed
black). The blue dotted curve which mostly coincides with the solid red shows the expected Belle
result. Assuming αD = 1/137, we obtain εm . 8×10−4 for mh′ < 8 GeV/c2 and mA′ < 1 GeV/c2.
The results on 3(π+π−) and 2(e+e−)X modes are first limits by any experiment.

3. Search for a dark gauge boson coupling to quarks

While most accelerator-based experiments have focused on dark photon that couples to the SM
photon, there are many models suggesting a new gauge boson U ′ which couples predominantly to
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FIG. 4: 90% CL upper limit on the product ↵D✏2 versus dark photon mass (top row) and dark Higgs mass (bottom row) for
Belle (solid red line) and BaBar [30] (dashed black line). BaBar limits need to be divided by (1+�) to compare with our limits.
The predicted limit is the blue dotted line.

The combined limit can also be expressed as the prod-
uct of ↵D times ✏2 by using the equations described in
Ref.[25]. Figure 4 shows for five di↵erent hypotheses of
the dark Higgs (Fig. 4-top-row) and dark photon (Fig. 4-
bottom-row) masses the 90% CL upper limit on ↵D✏2 for
Belle, predicted and measured, and BaBar which is based
on the visible cross section. For the predicted limit, we
assume: Nobs = Nbkg.

The inclusion of 3(⇡+⇡�)-channel dramatically im-
proves the limit around the ⇢ and ! resonances. The
sources of the systematic error are the integrated lumi-
nosity: 1%, branching fraction: 4%, track identification:
6%, particle identification e�ciency: 5%, detection ef-
ficiency: 15%, background estimation: 10% and initial-
state radiation: 15%. All the systematic errors are added
in quadrature and amount in total to 25%.

In summary, we searched for the dark photon and dark
Higgs in the mass ranges 0.1 – 3.5 GeV/c2 and 0.2 –
10.5 GeV/c2, respectively. No significant signal was ob-
served. We obtain individual and combined upper (90%
CL) limits on the product of branching fraction times the
Born cross section, B ⇥ �Born, on the Born cross section,
�Born, and on the product of dark photon coupling to
dark Higgs and kinetic mixing between Standard Model
photon and dark photon, ↵D✏2. These limits improve
upon and cover wider mass ranges than previous exper-
iments and the limits in the final states 3(⇡+⇡�) and
2(e+e�)X, where X is a partially reconstructed dark
photon candidate, are the first limits placed by any ex-
periment. For ↵D equal to 1/137, mh0 < 8 GeV/c2,
and mA0 < 1 GeV/c2, ✏ the values of the mixing pa-
rameters are ⇠ 8 ⇥ 10�4. In the mass ranges and for

modes where previous measurement from BaBar exist,
the limits reported here are almost a factor of 2 smaller,
as backgrounds are very low to non-existent. The im-
provement scales nearly linearly with the integrated lu-
minosity. This bodes well for future searches with Belle
II.
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Figure 2: 90% CL upper limits on αDε2
m vs. mA′ (top row) and vs. mh′ (bottom row) for Belle (solid red)

and BaBar [6] (dashed black). The blue dotted curve which mostly coincides with the solid red shows the
expected Belle result.

quarks [7, 8], e.g. U ′ → π+π−. The dark boson U ′ can be produced through SM meson decays
P→U ′γ , where P denotes a pseudoscalar meson such as π0, η , η ′. The coupling of U ′ to quarks
is described by the baryonic fine structure constant α ′U ≡ g2

U ′/4π , where the interaction is given by
a Lagrangian term L = (1/3)gU ′ q̄γµqU ′µ [8].

Using the full Belle data sample of 976 fb−1, we search for a U ′ boson via the process
η →U ′(→ π+π−)γ , where η is required, in order to suppress combinatorial background, to orig-
inate in the decay chain D∗+ → D0(→ K0

S η)π+ [9]. The photons in η decays are selected by
requiring Eγ > 60 (100) MeV in the barrel (endcap) regions and the electromagnetic shower shape
be consistent with that of photons. In addition, we require the photon not to be associated with
a π0 when combined with any other photon in the event. The momenta of η daughters are refit
by constraining the η mass to the nominal one. Candidate K0

S mesons are selected using a neural
network technique [10]. K0

S and η mesons are combined and fitted to a common vertex to form a
D0, with the mass constrained to the nominal D0 mass. This D0 and a slow π+ are combined and
fitted to the interaction point to find a D∗+.

Figure 3(a) shows the Mπ+π−γ distribution from D0→ K0
S π+π−γ . We obtain Nη = 2974±90

events by binned maximum likelihood fit to Mπ+π−γ . For a cross-check of the procedure, we
measure the ratio of branching fractions B(η → π+π−γ)/B(η → π+π−π0) = 0.185± 0.007,
which is consistent with the world-average value. Figure 3(b) displays the Mπ+π− distribution
from η → π+π−γ , where side-band subtraction has been applied to determine the true η contri-
bution. Overlaid with the distribution is the fit to a differential decay rate based on low-energy
QCD phenomena [11]. The U ′ signal distribution with a mass assumption of 0.4 GeV/c2 from
η→U ′(π+π−)γ is also displayed with arbitrary normalization. We find no significant U ′ signal at
any mass value. The baryonic fine structure constant is calculated from the measurement:

α
′
U =

ξ (m2
U ′)

B(U ′→ π+π−)
×
[

Γ(η → π+π−γ)

Γ(η → γγ)

]
×
[

Γ(η →U ′γ → π+π−γ)

Γ(η → π+π−γ)

]
,
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where ξ (m2
U ′) = (α/2)(1−m2

U ′/m2
η)
−3|F (m2

U ′)|−2 with F being the form-factor [8]. As we don’t
see any signal for U ′, we set 95% CL upper limit on α ′U using the Feldman-Cousins method [12].
Figure 3(c) shows the upper limit on α ′U as a function of mU ′ . In the region 0.29 GeV/c2 < mU ′ <

0.52 GeV/c2, α ′U is limited to below 10−3−10−2 at 95% CL. This is the first search for U ′ in the
π+π− mode.

Search for ⌘ ! U0(! ⇡+⇡�)� at Belle

• N⌘ = 2974 ± 90 events by binned max.
likelihood fit to M(⇡+⇡��)

• Cross-check by measuring the ratio

B(⌘ ! ⇡+⇡��)

B(⌘ ! ⇡+⇡�⇡0)
= 0.185 ± 0.007

c.f. 0.184 ± 0.004 for W.A.

• Fit to M(⇡+⇡�) after ⌘ sideband
subtraction

X global shape: QCD-based d�/ds
X add U0 part with �M ⇠ (1 ⇠ 2) MeV

Youngjoon Kwon (Yonsei Univ.) Studies of Dark Sector particles at Belle EPS-HEP 2017 13
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[21] (s in GeV2=c4). The numerical values and the
uncertainties of the expansion coefficients of jPðsÞj and
jFVðsÞj are taken from fits to data of ηð0Þ → πþπ−γ decays.
We multiply the dΓ=ds expression from Eq. (1) by the
reconstruction efficiency. The efficiency as a function of
Mðπþπ−Þ is approximately flat but drops to 0 at the
kinematic limit of mη. The fit results are presented in
Fig. 3. Equation (1) describes the Mðπþπ−Þ distribution
well, and the confidence level of the fit is 95%.
We add the U0 signal to the above fit function and

perform fits while fixing the U0 mass at a value between
290 and 520 MeV=c2 in steps of 1 MeV=c2. The U0 signal
is described by the sum of two Gaussians. The signal
resolution of the core Gaussian is about 1 MeV=c2 near the
2mπ threshold and 2 MeV=c2 at the mη kinematic limit.
An example of the U0 signal with the mass of 400 MeV=c2

and arbitrary normalization is shown in Fig. 3. We do not
find a significant U0 signal at any mass value. The typical
uncertainty in the U0 yield NU0 is Oð1–10Þ events.
We express the baryonic fine structure constant αU0 using

the equation for the partial width ratio Γðη → U0γÞ=Γðη →
γγÞ from Ref. [10] as

αU0 ¼
!
α
2

"
1 −

m2
U0

m2
η

#−3
$$$$F ðm2

U0Þ
$$$$
−2 1

BðU0 → πþπ−Þ

%

×
!
Γðη → πþπ−γÞ
Γðη → γγÞ

%!
Γðη → U0γ → πþπ−γÞ

Γðη → πþπ−γÞ

%
; ð2Þ

where α is the electromagnetic fine structure constant. The
first factor in Eq. (2), which is purely theoretical, contains
the phase space, the form factor F ðm2

U0Þ, and the branching
fraction of U0 → πþπ− decay. The branching fraction is
about 2%–4%, as computed from formulas provided in
Ref. [10] and references therein. The second factor is
obtained from the latest measurements [19]. The third
factor is determined from the η and U0 yields and
reconstruction efficiencies ðNU0=εðη → U0γ → πþπ−γÞÞ=
ðNη=εðη → πþπ−γÞÞ.
To estimate the systematic uncertainties in the

η → πþπ−γ and η → U0γ → πþπ−γ yields, we change
the parametrization of the combinatorial background in
theMðπþπ−γÞ fit from a first- to a second-order polynomial
and account for the background nonlinearity while sub-
tracting the sidebands. The change in the η yield is at the
1% level, while the change in theU0 yield is negligible. The
systematic effect due to the uncertainties of the expansion
coefficients in jPðsÞj and jFVðsÞj is negligible in the U0

yield. The systematic uncertainty in the ratio of the
reconstruction efficiencies εðη → U0γ → πþπ−γÞ=εðη →
πþπ−γÞ is conservatively estimated to be 4% (1% per
track and 3% per photon). The total systematic uncertain-
ties are estimated by adding the above contributions in
quadrature.

Using Eq. (2), we set a 95% confidence level upper limit
on αU0 using the Feldman-Cousins approach [22], adding
the statistical and systematic uncertainties in quadrature.
The upper limit as a function of theU0 boson mass is shown
in Fig. 4. Considering other results in this mass region, we
find that our limit is stronger than that from a model-
dependent analysis [10] of the ϕ → eþe−γ decays [12] for
mU0 > 450 MeV=c2, but weaker than the limit based on the
η → π0γγ total rate [10]. Recently, we learned that the data
set in Ref. [23] contains many more η → πþπ−γ decays and
can provide a more stringent limit on αU0 in future.
To conclude, we perform a search for a dark vector

gauge bosonU0 that couples to quarks [10], using the decay
chain D%þ → D0πþ, D0 → K0

Sη, η → U0γ, U0 → πþπ−.
Our results limit the baryonic fine structure constant αU0

to below 10−3–10−2 at 95% confidence level over the U0

mass range 290 to 520 MeV=c2. This is the first search
for U0 in the πþπ− mode. We find that our limit is stronger
than that from a model-dependent analysis [10] of the ϕ →
eþe−γ decays [12] for mU0 > 450 MeV=c2, but weaker
than the limit based on the η → π0γγ total rate [10].
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FIG. 4. Computed 95% upper limit on the baryonic fine
structure constant αU0 as a function of the unknown U0 mass
(solid curve).
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[21] (s in GeV2=c4). The numerical values and the
uncertainties of the expansion coefficients of jPðsÞj and
jFVðsÞj are taken from fits to data of ηð0Þ → πþπ−γ decays.
We multiply the dΓ=ds expression from Eq. (1) by the
reconstruction efficiency. The efficiency as a function of
Mðπþπ−Þ is approximately flat but drops to 0 at the
kinematic limit of mη. The fit results are presented in
Fig. 3. Equation (1) describes the Mðπþπ−Þ distribution
well, and the confidence level of the fit is 95%.
We add the U0 signal to the above fit function and

perform fits while fixing the U0 mass at a value between
290 and 520 MeV=c2 in steps of 1 MeV=c2. The U0 signal
is described by the sum of two Gaussians. The signal
resolution of the core Gaussian is about 1 MeV=c2 near the
2mπ threshold and 2 MeV=c2 at the mη kinematic limit.
An example of the U0 signal with the mass of 400 MeV=c2

and arbitrary normalization is shown in Fig. 3. We do not
find a significant U0 signal at any mass value. The typical
uncertainty in the U0 yield NU0 is Oð1–10Þ events.
We express the baryonic fine structure constant αU0 using

the equation for the partial width ratio Γðη → U0γÞ=Γðη →
γγÞ from Ref. [10] as

αU0 ¼
!
α
2

"
1 −

m2
U0

m2
η

#−3
$$$$F ðm2

U0Þ
$$$$
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BðU0 → πþπ−Þ

%

×
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Γðη → πþπ−γÞ
Γðη → γγÞ

%!
Γðη → U0γ → πþπ−γÞ
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where α is the electromagnetic fine structure constant. The
first factor in Eq. (2), which is purely theoretical, contains
the phase space, the form factor F ðm2

U0Þ, and the branching
fraction of U0 → πþπ− decay. The branching fraction is
about 2%–4%, as computed from formulas provided in
Ref. [10] and references therein. The second factor is
obtained from the latest measurements [19]. The third
factor is determined from the η and U0 yields and
reconstruction efficiencies ðNU0=εðη → U0γ → πþπ−γÞÞ=
ðNη=εðη → πþπ−γÞÞ.
To estimate the systematic uncertainties in the

η → πþπ−γ and η → U0γ → πþπ−γ yields, we change
the parametrization of the combinatorial background in
theMðπþπ−γÞ fit from a first- to a second-order polynomial
and account for the background nonlinearity while sub-
tracting the sidebands. The change in the η yield is at the
1% level, while the change in theU0 yield is negligible. The
systematic effect due to the uncertainties of the expansion
coefficients in jPðsÞj and jFVðsÞj is negligible in the U0

yield. The systematic uncertainty in the ratio of the
reconstruction efficiencies εðη → U0γ → πþπ−γÞ=εðη →
πþπ−γÞ is conservatively estimated to be 4% (1% per
track and 3% per photon). The total systematic uncertain-
ties are estimated by adding the above contributions in
quadrature.

Using Eq. (2), we set a 95% confidence level upper limit
on αU0 using the Feldman-Cousins approach [22], adding
the statistical and systematic uncertainties in quadrature.
The upper limit as a function of theU0 boson mass is shown
in Fig. 4. Considering other results in this mass region, we
find that our limit is stronger than that from a model-
dependent analysis [10] of the ϕ → eþe−γ decays [12] for
mU0 > 450 MeV=c2, but weaker than the limit based on the
η → π0γγ total rate [10]. Recently, we learned that the data
set in Ref. [23] contains many more η → πþπ−γ decays and
can provide a more stringent limit on αU0 in future.
To conclude, we perform a search for a dark vector

gauge bosonU0 that couples to quarks [10], using the decay
chain D%þ → D0πþ, D0 → K0

Sη, η → U0γ, U0 → πþπ−.
Our results limit the baryonic fine structure constant αU0

to below 10−3–10−2 at 95% confidence level over the U0

mass range 290 to 520 MeV=c2. This is the first search
for U0 in the πþπ− mode. We find that our limit is stronger
than that from a model-dependent analysis [10] of the ϕ →
eþe−γ decays [12] for mU0 > 450 MeV=c2, but weaker
than the limit based on the η → π0γγ total rate [10].
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FIG. 4. Computed 95% upper limit on the baryonic fine
structure constant αU0 as a function of the unknown U0 mass
(solid curve).
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ΔMD! ¼ MðK0
Sηπ

þÞ −MðK0
SηÞ is required to satisfy

ΔMD! ∈ ½143; 148' MeV=c2. To remove the combinatorial
background, the momentum of the D!þ candidates, mea-
sured in the center-of-mass system, is required to be greater
than 2.5, 2.6, and 3.0 GeV=c for the data taken below, at,
and above the ϒð4SÞ resonance, respectively. Figure 1
shows the invariant mass of theK0

Sη combinations (left) and
the mass difference (right) for η → πþπ−γ decays after
applying all selection criteria described above, except the
mass requirements themselves. Figure 2 shows the invari-
ant mass of the πþπ−γ combinations after all requirements.
There are clear peaks of signal events in all distributions;
the increase of the background at low masses in the
Mðπþπ−γÞ distribution is due to the feed-down from the
η → πþπ−π0 decays when a photon from π0 is not
reconstructed.
To extract the signal yield, we perform a binned

maximum likelihood fit to the Mðπþπ−γÞ distribution.
The fit function is the sum of the signal, the combinatorial
background, and the feed-down background components.
The signal probability density function (PDF) is the sum of
a Gaussian and a bifurcated Gaussian with the ratios of
widths fixed from the MC simulation. A linear function is

used for the combinatorial background PDF. The feed-
down contribution is described by a Gaussian with shape
parameters fixed from the MC simulation. The confidence
level (p-value) of the fit is 12% and the η → πþπ−γ signal
yield is Nη ¼ 2974( 90 events. The feed-down yield
agrees well with the expectation.
As a cross-check, we measure the ratio of branching

fractions Bðη → πþπ−γÞ=Bðη → πþπ−π0Þ. The fit to the
πþπ−π0 invariant mass distribution is similar to the one
described above, except that the combinatorial background
is described by a second-order polynomial and there is no
feed-down background. The reconstruction efficiencies,
determined from the MC simulation, are εðπþπ−γÞ ¼
5.1% and εðπþπ−π0Þ ¼ 4.8%. The measured ratio of
branching fractions, 0.185( 0.007, where the uncertainty
is statistical only, is in good agreement with the world-
average value of 0.184( 0.004 [19].
We define the η signal region as Mðπþπ−γÞ ∈

½535.5; 560.5' MeV=c2, and the sideband regions used
for background subtraction as Mðπþπ−γÞ∈ ½520.0;532.5'
or ½563.5; 576.0' MeV=c2. The Mðπþπ−Þ distribution for
the background-subtracted η signal is shown in Fig. 3.
To describe the Mðπþπ−Þ distribution, we use an

expression of the differential decay rate based on low-
energy quantum chromodynamics phenomenology [20,21]
using a combination of chiral perturbation theory and
dispersive analysis,

dΓ
ds

∝ jPðsÞFVðsÞj2ðm2
η − sÞ3sð1–4m2

π=sÞ3=2; ð1Þ

where s≡Mðπþπ−Þ2, PðsÞ is a reaction-specific pertur-
bative part, and FVðsÞ is the pion vector form factor.
We use jPðsÞj ¼ 1þ ð1.89( 0.64Þs [20] and jFVðsÞj ¼
1þ ð2.12( 0.01Þsþ ð2.13( 0.01Þs2 þ ð13.80( 0.14Þs3
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[21] (s in GeV2=c4). The numerical values and the
uncertainties of the expansion coefficients of jPðsÞj and
jFVðsÞj are taken from fits to data of ηð0Þ → πþπ−γ decays.
We multiply the dΓ=ds expression from Eq. (1) by the
reconstruction efficiency. The efficiency as a function of
Mðπþπ−Þ is approximately flat but drops to 0 at the
kinematic limit of mη. The fit results are presented in
Fig. 3. Equation (1) describes the Mðπþπ−Þ distribution
well, and the confidence level of the fit is 95%.
We add the U0 signal to the above fit function and

perform fits while fixing the U0 mass at a value between
290 and 520 MeV=c2 in steps of 1 MeV=c2. The U0 signal
is described by the sum of two Gaussians. The signal
resolution of the core Gaussian is about 1 MeV=c2 near the
2mπ threshold and 2 MeV=c2 at the mη kinematic limit.
An example of the U0 signal with the mass of 400 MeV=c2

and arbitrary normalization is shown in Fig. 3. We do not
find a significant U0 signal at any mass value. The typical
uncertainty in the U0 yield NU0 is Oð1–10Þ events.
We express the baryonic fine structure constant αU0 using

the equation for the partial width ratio Γðη → U0γÞ=Γðη →
γγÞ from Ref. [10] as

αU0 ¼
!
α
2

"
1 −
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U0

m2
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where α is the electromagnetic fine structure constant. The
first factor in Eq. (2), which is purely theoretical, contains
the phase space, the form factor F ðm2

U0Þ, and the branching
fraction of U0 → πþπ− decay. The branching fraction is
about 2%–4%, as computed from formulas provided in
Ref. [10] and references therein. The second factor is
obtained from the latest measurements [19]. The third
factor is determined from the η and U0 yields and
reconstruction efficiencies ðNU0=εðη → U0γ → πþπ−γÞÞ=
ðNη=εðη → πþπ−γÞÞ.
To estimate the systematic uncertainties in the

η → πþπ−γ and η → U0γ → πþπ−γ yields, we change
the parametrization of the combinatorial background in
theMðπþπ−γÞ fit from a first- to a second-order polynomial
and account for the background nonlinearity while sub-
tracting the sidebands. The change in the η yield is at the
1% level, while the change in theU0 yield is negligible. The
systematic effect due to the uncertainties of the expansion
coefficients in jPðsÞj and jFVðsÞj is negligible in the U0

yield. The systematic uncertainty in the ratio of the
reconstruction efficiencies εðη → U0γ → πþπ−γÞ=εðη →
πþπ−γÞ is conservatively estimated to be 4% (1% per
track and 3% per photon). The total systematic uncertain-
ties are estimated by adding the above contributions in
quadrature.

Using Eq. (2), we set a 95% confidence level upper limit
on αU0 using the Feldman-Cousins approach [22], adding
the statistical and systematic uncertainties in quadrature.
The upper limit as a function of theU0 boson mass is shown
in Fig. 4. Considering other results in this mass region, we
find that our limit is stronger than that from a model-
dependent analysis [10] of the ϕ → eþe−γ decays [12] for
mU0 > 450 MeV=c2, but weaker than the limit based on the
η → π0γγ total rate [10]. Recently, we learned that the data
set in Ref. [23] contains many more η → πþπ−γ decays and
can provide a more stringent limit on αU0 in future.
To conclude, we perform a search for a dark vector

gauge bosonU0 that couples to quarks [10], using the decay
chain D%þ → D0πþ, D0 → K0

Sη, η → U0γ, U0 → πþπ−.
Our results limit the baryonic fine structure constant αU0

to below 10−3–10−2 at 95% confidence level over the U0

mass range 290 to 520 MeV=c2. This is the first search
for U0 in the πþπ− mode. We find that our limit is stronger
than that from a model-dependent analysis [10] of the ϕ →
eþe−γ decays [12] for mU0 > 450 MeV=c2, but weaker
than the limit based on the η → π0γγ total rate [10].
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FIG. 4. Computed 95% upper limit on the baryonic fine
structure constant αU0 as a function of the unknown U0 mass
(solid curve).
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[21] (s in GeV2=c4). The numerical values and the
uncertainties of the expansion coefficients of jPðsÞj and
jFVðsÞj are taken from fits to data of ηð0Þ → πþπ−γ decays.
We multiply the dΓ=ds expression from Eq. (1) by the
reconstruction efficiency. The efficiency as a function of
Mðπþπ−Þ is approximately flat but drops to 0 at the
kinematic limit of mη. The fit results are presented in
Fig. 3. Equation (1) describes the Mðπþπ−Þ distribution
well, and the confidence level of the fit is 95%.
We add the U0 signal to the above fit function and

perform fits while fixing the U0 mass at a value between
290 and 520 MeV=c2 in steps of 1 MeV=c2. The U0 signal
is described by the sum of two Gaussians. The signal
resolution of the core Gaussian is about 1 MeV=c2 near the
2mπ threshold and 2 MeV=c2 at the mη kinematic limit.
An example of the U0 signal with the mass of 400 MeV=c2

and arbitrary normalization is shown in Fig. 3. We do not
find a significant U0 signal at any mass value. The typical
uncertainty in the U0 yield NU0 is Oð1–10Þ events.
We express the baryonic fine structure constant αU0 using

the equation for the partial width ratio Γðη → U0γÞ=Γðη →
γγÞ from Ref. [10] as

αU0 ¼
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where α is the electromagnetic fine structure constant. The
first factor in Eq. (2), which is purely theoretical, contains
the phase space, the form factor F ðm2

U0Þ, and the branching
fraction of U0 → πþπ− decay. The branching fraction is
about 2%–4%, as computed from formulas provided in
Ref. [10] and references therein. The second factor is
obtained from the latest measurements [19]. The third
factor is determined from the η and U0 yields and
reconstruction efficiencies ðNU0=εðη → U0γ → πþπ−γÞÞ=
ðNη=εðη → πþπ−γÞÞ.
To estimate the systematic uncertainties in the

η → πþπ−γ and η → U0γ → πþπ−γ yields, we change
the parametrization of the combinatorial background in
theMðπþπ−γÞ fit from a first- to a second-order polynomial
and account for the background nonlinearity while sub-
tracting the sidebands. The change in the η yield is at the
1% level, while the change in theU0 yield is negligible. The
systematic effect due to the uncertainties of the expansion
coefficients in jPðsÞj and jFVðsÞj is negligible in the U0

yield. The systematic uncertainty in the ratio of the
reconstruction efficiencies εðη → U0γ → πþπ−γÞ=εðη →
πþπ−γÞ is conservatively estimated to be 4% (1% per
track and 3% per photon). The total systematic uncertain-
ties are estimated by adding the above contributions in
quadrature.

Using Eq. (2), we set a 95% confidence level upper limit
on αU0 using the Feldman-Cousins approach [22], adding
the statistical and systematic uncertainties in quadrature.
The upper limit as a function of theU0 boson mass is shown
in Fig. 4. Considering other results in this mass region, we
find that our limit is stronger than that from a model-
dependent analysis [10] of the ϕ → eþe−γ decays [12] for
mU0 > 450 MeV=c2, but weaker than the limit based on the
η → π0γγ total rate [10]. Recently, we learned that the data
set in Ref. [23] contains many more η → πþπ−γ decays and
can provide a more stringent limit on αU0 in future.
To conclude, we perform a search for a dark vector

gauge bosonU0 that couples to quarks [10], using the decay
chain D%þ → D0πþ, D0 → K0

Sη, η → U0γ, U0 → πþπ−.
Our results limit the baryonic fine structure constant αU0

to below 10−3–10−2 at 95% confidence level over the U0

mass range 290 to 520 MeV=c2. This is the first search
for U0 in the πþπ− mode. We find that our limit is stronger
than that from a model-dependent analysis [10] of the ϕ →
eþe−γ decays [12] for mU0 > 450 MeV=c2, but weaker
than the limit based on the η → π0γγ total rate [10].
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ΔMD! ¼ MðK0
Sηπ

þÞ −MðK0
SηÞ is required to satisfy

ΔMD! ∈ ½143; 148' MeV=c2. To remove the combinatorial
background, the momentum of the D!þ candidates, mea-
sured in the center-of-mass system, is required to be greater
than 2.5, 2.6, and 3.0 GeV=c for the data taken below, at,
and above the ϒð4SÞ resonance, respectively. Figure 1
shows the invariant mass of theK0

Sη combinations (left) and
the mass difference (right) for η → πþπ−γ decays after
applying all selection criteria described above, except the
mass requirements themselves. Figure 2 shows the invari-
ant mass of the πþπ−γ combinations after all requirements.
There are clear peaks of signal events in all distributions;
the increase of the background at low masses in the
Mðπþπ−γÞ distribution is due to the feed-down from the
η → πþπ−π0 decays when a photon from π0 is not
reconstructed.
To extract the signal yield, we perform a binned

maximum likelihood fit to the Mðπþπ−γÞ distribution.
The fit function is the sum of the signal, the combinatorial
background, and the feed-down background components.
The signal probability density function (PDF) is the sum of
a Gaussian and a bifurcated Gaussian with the ratios of
widths fixed from the MC simulation. A linear function is

used for the combinatorial background PDF. The feed-
down contribution is described by a Gaussian with shape
parameters fixed from the MC simulation. The confidence
level (p-value) of the fit is 12% and the η → πþπ−γ signal
yield is Nη ¼ 2974( 90 events. The feed-down yield
agrees well with the expectation.
As a cross-check, we measure the ratio of branching

fractions Bðη → πþπ−γÞ=Bðη → πþπ−π0Þ. The fit to the
πþπ−π0 invariant mass distribution is similar to the one
described above, except that the combinatorial background
is described by a second-order polynomial and there is no
feed-down background. The reconstruction efficiencies,
determined from the MC simulation, are εðπþπ−γÞ ¼
5.1% and εðπþπ−π0Þ ¼ 4.8%. The measured ratio of
branching fractions, 0.185( 0.007, where the uncertainty
is statistical only, is in good agreement with the world-
average value of 0.184( 0.004 [19].
We define the η signal region as Mðπþπ−γÞ ∈

½535.5; 560.5' MeV=c2, and the sideband regions used
for background subtraction as Mðπþπ−γÞ∈ ½520.0;532.5'
or ½563.5; 576.0' MeV=c2. The Mðπþπ−Þ distribution for
the background-subtracted η signal is shown in Fig. 3.
To describe the Mðπþπ−Þ distribution, we use an

expression of the differential decay rate based on low-
energy quantum chromodynamics phenomenology [20,21]
using a combination of chiral perturbation theory and
dispersive analysis,

dΓ
ds

∝ jPðsÞFVðsÞj2ðm2
η − sÞ3sð1–4m2

π=sÞ3=2; ð1Þ

where s≡Mðπþπ−Þ2, PðsÞ is a reaction-specific pertur-
bative part, and FVðsÞ is the pion vector form factor.
We use jPðsÞj ¼ 1þ ð1.89( 0.64Þs [20] and jFVðsÞj ¼
1þ ð2.12( 0.01Þsþ ð2.13( 0.01Þs2 þ ð13.80( 0.14Þs3
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(a) (b) (c)

Figure 3: (a) Mπ+π−γ distribution from D0→ K0
S π+π−γ , overlaid with the fit result. Vertical arrows show

the boundaries of signal and sideband regions. (b) Mπ+π− distribution from η → π+π−γ , overlaid with the
fitted differential decay rate. The U ′ signal distribution with a mass of 0.4 GeV/c2 from η→U ′(π+π−)γ is
also displayed with arbitrary normalization. (c) The 95% CL limit of the baryonice fine structure constant
α ′U as a function of the assumed U ′ mass.

4. Search for D0 decays to invisible final states

The D0 → νν̄ decay exemplifies a meson decay to an invisible final state. In the SM, this
decay is helicity-suppressed with an expected branching fraction B(D0→ νν̄) = 1.1×10−30 [13].
But the rate could be much enhanced with dark matter (DM) particles in the final state via non-SM
mechanisms.

Using the nearly full data sample of Belle with an integrated luminosity of 924 fb−1, we
search for D0 decays to invisible final states [14]. To utilize a few million D0 mesons produced
in the e+e−→ cc̄ continuum process, we use a ‘charm-tagger’ and collect an inclusive sample of
D0. The process e+e− → cc̄→ D(∗)

tagXfragD∗−sig with D∗−sig → D0
sigπ−s is identified by reconstructing

everything except for D0
sig. The inclusive D0

sig sample is identified by the recoil mass, MD0 , against

D(∗)
tagXfragπ−s . Figure 4(a) shows the MD0 distribution of the approximately 7 million inclusive D0

events collected by the charm-tagger. Candidates for D0 decays to invisible final states are selected
by requiring no remaining final state particles associated with D0

sig. Figures 4(b) and (c) show the
MD0 and EECL distributions, respectively, of the D0 → invisible decay candidates. Overlaid with
Fig. 4(b) and (c) are the fit projections to 2-dimensional observables MD0 and EECL. The fitted yield
of D0→ invisible final states is −6.3+22.5

−21.0 events. The corresponding upper limit for the branching
fraction is B(D0→ invisible)< 9.4×10−5 at 90% CL.

5. Conclusion

The e+e− B-factory experiments have made great achievements on the CP violation and CKM
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D0 decays to invisible final states
• In SM, D0 ! ⌫⌫ is helicity suppressed with B ⇠ O(10�30), but

the rate could be enhanced via DM final states
• Belle uses ‘charm tagger’ method to collect inclusive D0 samples for the search

using
R

Ldt = 924 fb�1

matter (DM) final states with and without an additional
light meson in the final states, as estimated in Ref. [1]. With
several DM candidates [3,4], the branching fraction of D0

to invisible final states could be enhanced to Oð10−15Þ.
Recent DM searches are mainly based on the direct

detection of the nuclear recoil signal due to DM interaction
[5,6], or γ-ray, eþe− and pp production due to DM
annihilation [7,8]. At an eþe− “flavor factory,” in which
two heavy-flavor particles are produced in flavor-conjugate
states, the indirect detection of DM candidates is performed
as follows. One of theD or Bmesons is fully reconstructed,
and then energy-momentum conservation is used to search
for the decay of the other D or B meson into an invisible
final state.
In Belle, a few hundred million D mesons are produced

in eþe− → cc continuum events. We use the charm tagger
method to select an inclusive D0 sample, which permits the
identification of D0 decays involving invisible particles
[9–12]: the process eþe− → cc → Dð$Þ

tagXfragD$−
sig with

D$−
sig → D0

sigπ
−
s is reconstructed except for D0

sig, as illus-

trated in Fig. 1. Here, Dð$Þ
tag represents a charmed particle

used as a tag: Dð$Þ0, Dð$Þþ, Dð$Þþ
s , or Λþ

c . Since the center-
of-mass (c.m.) energy of KEKB is above the open charm
threshold, a fragmentation system (Xfrag) with a few light
unflavored mesons may also be produced. The π−s denotes a
charged pion from D$−

sig decay.
This search for D0 → invisible decay with the charm

tagger method at B factories provides a powerful way to
search for DM: any clear signal would be an indication for
new physics. Measurements of B0 → invisible with both
hadronic and semileptonic B tagging methods are already
reported by both Belle and BABAR [13,14].
We use the data sample of 924 fb−1 collected at or near

the ϒð4SÞ and ϒð5SÞ resonances with the Belle detector
[15] at the KEKB asymmetric-energy eþe− collider [16].
The Belle detector is a large-solid-angle magnetic spec-
trometer that consists of a silicon vertex detector (SVD), a
50-layer central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), a barrel-like arrange-
ment of time-of-flight scintillation counters (TOF) and an

electromagnetic calorimeter (ECL) composed of CsI(Tl)
crystals located inside a superconducting solenoid that
provides a 1.5 T magnetic field. An iron flux-return yoke
located outside the solenoid is instrumented to detect K0

L
mesons and to identify muons.
This analysis uses the data sets with two different inner-

detector configurations. About 156 fb−1 were collected
with a beam pipe of radius 2 cm and with three layers of
SVD, while the rest of the data set was collected with a
beam pipe of radius 1.5 cm and four layers of SVD [17].
Large Monte Carlo (MC) samples for signal and several
backgrounds are generated with EvtGen [18] and simulated
with GEANT3 [19] with the configurations of the Belle
detector. These samples are used to obtain expected
distributions of various physical quantities for signal and
background, to optimize the selection criteria, and to
determine the signal selection efficiency.
We use the knowledge of the eþe− four-momentum to

identify a D0 that escaped detection by fully reconstructing
the remainder of the event (whether this D0 decays visibly
or not). The four types of Dtag are reconstructed using 23
decay modes. (D$

tag candidates are described later.) The
decay modes and the corresponding requirements on the
Dtag momentum in the c.m. frame (p$) are listed in Table I;
these requirements were optimized in Ref. [11].
The selection criteria for the final-state charged particles

inDtag are based on information obtained from the tracking
systems (SVD and CDC) and the hadron identification
systems (CDC, ACC, and TOF). These particles are
required to have an impact parameter within %0.5 cm of
the interaction point (IP) in the transverse plane, and within
%1.5 cm along the positron beam direction. The likelihood
values of each track for different particle types, Lp, LK , and
Lπ , are determined from the information provided by the
hadron-identification system. The track is identified as a

FIG. 1. An illustration of the charm tagger method.

TABLE I. Dtag decay modes and corresponding requirements
on the Dtag momentum in the c.m. frame (p$).

D0 decay p$ (GeV=c) Dþ decay p$ (GeV=c)

K−πþ >2.3 K−πþπþ >2.3
K−πþπ0 >2.5 K−πþπþπ0 >2.5
K−π−πþπþ >2.3 K0

Sπ
þ >2.3

K−π−πþπþπ0 >2.5 K0
Sπ

þπ0 >2.4
K0

Sπ
þπ− >2.3 K0

Sπ
þπþπ− >2.4

K0
Sπ

þπ−π0 >2.5 KþK−πþ >2.3

Λþ
c decay p$ (GeV=c) Dþ

s decay p$ (GeV=c)

pK−πþ >2.3 KþK−πþ >2.3
pK−πþπ0 >2.5 K0

SK
þ >2.3

pK0
S >2.3 K0

SK
0
Sπ

þ >2.3
Λπþ >2.3 KþK−πþπ0 >2.5
Λπþπ0 >2.5 K0

SK
−πþπþ >2.4

Λπþπþπ− >2.3
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asEECL, is also used to extract theD0 → invisible signal. The
EECL is defined as the sumof the energies of theECLclusters
that are not associated with the particles of the Dð"Þ

tagXfragπ−s
system. In order to suppress the beam background, cluster
energies are required to be above ECL-region-dependent
thresholds: 50 MeV for 32.2°<θ<128.7°, 100 MeV for
θ < 32.2°, and 150 MeV for θ > 128.7°.
We consider two backgrounds for the D0 →

invisible signal: the D0 background from the eþe− → cc
process in which correctly-tagged D0 peak in MD0 (e.g.
D0 → K0π0) and the non-D0 background from eþe− →
qqðq ¼ u; d; s; cÞ, ϒð4SÞ, and ϒð5SÞ decays. The signal
yield is extracted from a two-dimensional extended
unbinned maximum likelihood fit, with the likelihood
defined as

L ¼ e−
P

j
Nj

N!

YN

i¼1

!X

j

NjPjðMi
D0 ; Ei

ECLÞ
"
; ð2Þ

where Pj represents the corresponding two-dimensional
PDF, and Ei

ECL is the EECL value of the ith candidate. The
Pj functions are products ofMD0 PDFs andEECL PDFs since
correlations between MD0 and EECL are found to be small.
There are three components in the fit: signal,D0 background,
and non-D0 background. The PDFs in EECL are histograms
obtained from MC simulation. The D0 and non-D0 back-
ground PDFs in EECL have a small peaking structure near
EECL ¼ 0 GeV, and the corresponding systematic effects are
described below. The signal PDF inMD0 is fixed as the one
obtained by the fit to theMD0 distribution of the inclusiveD0

sample. The D0 background PDFs in MD0 is parametrized
with the sum of three Gaussian functions. The non-D0

background PDF in MD0 is an ARGUS function. The free
parameters in the fit are the yields of the three components,
the D0 background PDF shape parameters, and the non-D0

background PDF shape parameters except for the end-point
of the ARGUS function.
The projections of the fit are shown in Fig. 3. The fitted

signal yield of D0 → invisible is −6.3þ22.5
−21.0 , which is

consistent with zero.
The branching fraction is calculated using

B ¼
Nsig

ϵ × Nincl
D0

; ð3Þ

where Nsig, Nincl
D0 ., and ϵ are the fitted signal yield of D0 →

invisible decays, the number of inclusive D0 mesons, and
the efficiency of reconstructing D0 → invisible decays
within the inclusive D0 sample, respectively. We calibrate
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FIG. 2. The MD0 distribution of the inclusive D0 sample. The
points with error bars are data; the solid line is the fit result; the
blue dotted line is background, and the red area is the inclusive
D0 signal.
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FIG. 3. Fit results of D0 → invisible decays. The top panel
shows the MD0 distribution for EECL < 0.5 GeV and the bottom
one shows EECL for MD0 > 1.86 GeV=c2. The points with error
bars are data; the solid line is the fit result; the blue dotted line is
D0 background; the green dashed line is non-D0 background, and
the red area is the signal of D0 decaying to invisible final
states.
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D0 decays to invisible final states

asEECL, is also used to extract theD0 → invisible signal. The
EECL is defined as the sumof the energies of theECLclusters
that are not associated with the particles of the Dð"Þ

tagXfragπ−s
system. In order to suppress the beam background, cluster
energies are required to be above ECL-region-dependent
thresholds: 50 MeV for 32.2°<θ<128.7°, 100 MeV for
θ < 32.2°, and 150 MeV for θ > 128.7°.
We consider two backgrounds for the D0 →

invisible signal: the D0 background from the eþe− → cc
process in which correctly-tagged D0 peak in MD0 (e.g.
D0 → K0π0) and the non-D0 background from eþe− →
qqðq ¼ u; d; s; cÞ, ϒð4SÞ, and ϒð5SÞ decays. The signal
yield is extracted from a two-dimensional extended
unbinned maximum likelihood fit, with the likelihood
defined as
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where Pj represents the corresponding two-dimensional
PDF, and Ei

ECL is the EECL value of the ith candidate. The
Pj functions are products ofMD0 PDFs andEECL PDFs since
correlations between MD0 and EECL are found to be small.
There are three components in the fit: signal,D0 background,
and non-D0 background. The PDFs in EECL are histograms
obtained from MC simulation. The D0 and non-D0 back-
ground PDFs in EECL have a small peaking structure near
EECL ¼ 0 GeV, and the corresponding systematic effects are
described below. The signal PDF inMD0 is fixed as the one
obtained by the fit to theMD0 distribution of the inclusiveD0

sample. The D0 background PDFs in MD0 is parametrized
with the sum of three Gaussian functions. The non-D0

background PDF in MD0 is an ARGUS function. The free
parameters in the fit are the yields of the three components,
the D0 background PDF shape parameters, and the non-D0

background PDF shape parameters except for the end-point
of the ARGUS function.
The projections of the fit are shown in Fig. 3. The fitted

signal yield of D0 → invisible is −6.3þ22.5
−21.0 , which is

consistent with zero.
The branching fraction is calculated using

B ¼
Nsig

ϵ × Nincl
D0

; ð3Þ

where Nsig, Nincl
D0 ., and ϵ are the fitted signal yield of D0 →

invisible decays, the number of inclusive D0 mesons, and
the efficiency of reconstructing D0 → invisible decays
within the inclusive D0 sample, respectively. We calibrate
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FIG. 2. The MD0 distribution of the inclusive D0 sample. The
points with error bars are data; the solid line is the fit result; the
blue dotted line is background, and the red area is the inclusive
D0 signal.
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FIG. 3. Fit results of D0 → invisible decays. The top panel
shows the MD0 distribution for EECL < 0.5 GeV and the bottom
one shows EECL for MD0 > 1.86 GeV=c2. The points with error
bars are data; the solid line is the fit result; the blue dotted line is
D0 background; the green dashed line is non-D0 background, and
the red area is the signal of D0 decaying to invisible final
states.
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asEECL, is also used to extract theD0 → invisible signal. The
EECL is defined as the sumof the energies of theECLclusters
that are not associated with the particles of the Dð"Þ

tagXfragπ−s
system. In order to suppress the beam background, cluster
energies are required to be above ECL-region-dependent
thresholds: 50 MeV for 32.2°<θ<128.7°, 100 MeV for
θ < 32.2°, and 150 MeV for θ > 128.7°.
We consider two backgrounds for the D0 →

invisible signal: the D0 background from the eþe− → cc
process in which correctly-tagged D0 peak in MD0 (e.g.
D0 → K0π0) and the non-D0 background from eþe− →
qqðq ¼ u; d; s; cÞ, ϒð4SÞ, and ϒð5SÞ decays. The signal
yield is extracted from a two-dimensional extended
unbinned maximum likelihood fit, with the likelihood
defined as
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where Pj represents the corresponding two-dimensional
PDF, and Ei

ECL is the EECL value of the ith candidate. The
Pj functions are products ofMD0 PDFs andEECL PDFs since
correlations between MD0 and EECL are found to be small.
There are three components in the fit: signal,D0 background,
and non-D0 background. The PDFs in EECL are histograms
obtained from MC simulation. The D0 and non-D0 back-
ground PDFs in EECL have a small peaking structure near
EECL ¼ 0 GeV, and the corresponding systematic effects are
described below. The signal PDF inMD0 is fixed as the one
obtained by the fit to theMD0 distribution of the inclusiveD0

sample. The D0 background PDFs in MD0 is parametrized
with the sum of three Gaussian functions. The non-D0

background PDF in MD0 is an ARGUS function. The free
parameters in the fit are the yields of the three components,
the D0 background PDF shape parameters, and the non-D0

background PDF shape parameters except for the end-point
of the ARGUS function.
The projections of the fit are shown in Fig. 3. The fitted

signal yield of D0 → invisible is −6.3þ22.5
−21.0 , which is

consistent with zero.
The branching fraction is calculated using

B ¼
Nsig

ϵ × Nincl
D0

; ð3Þ

where Nsig, Nincl
D0 ., and ϵ are the fitted signal yield of D0 →

invisible decays, the number of inclusive D0 mesons, and
the efficiency of reconstructing D0 → invisible decays
within the inclusive D0 sample, respectively. We calibrate
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FIG. 2. The MD0 distribution of the inclusive D0 sample. The
points with error bars are data; the solid line is the fit result; the
blue dotted line is background, and the red area is the inclusive
D0 signal.
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FIG. 3. Fit results of D0 → invisible decays. The top panel
shows the MD0 distribution for EECL < 0.5 GeV and the bottom
one shows EECL for MD0 > 1.86 GeV=c2. The points with error
bars are data; the solid line is the fit result; the blue dotted line is
D0 background; the green dashed line is non-D0 background, and
the red area is the signal of D0 decaying to invisible final
states.
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asEECL, is also used to extract theD0 → invisible signal. The
EECL is defined as the sumof the energies of theECLclusters
that are not associated with the particles of the Dð"Þ

tagXfragπ−s
system. In order to suppress the beam background, cluster
energies are required to be above ECL-region-dependent
thresholds: 50 MeV for 32.2°<θ<128.7°, 100 MeV for
θ < 32.2°, and 150 MeV for θ > 128.7°.
We consider two backgrounds for the D0 →

invisible signal: the D0 background from the eþe− → cc
process in which correctly-tagged D0 peak in MD0 (e.g.
D0 → K0π0) and the non-D0 background from eþe− →
qqðq ¼ u; d; s; cÞ, ϒð4SÞ, and ϒð5SÞ decays. The signal
yield is extracted from a two-dimensional extended
unbinned maximum likelihood fit, with the likelihood
defined as

L ¼ e−
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where Pj represents the corresponding two-dimensional
PDF, and Ei

ECL is the EECL value of the ith candidate. The
Pj functions are products ofMD0 PDFs andEECL PDFs since
correlations between MD0 and EECL are found to be small.
There are three components in the fit: signal,D0 background,
and non-D0 background. The PDFs in EECL are histograms
obtained from MC simulation. The D0 and non-D0 back-
ground PDFs in EECL have a small peaking structure near
EECL ¼ 0 GeV, and the corresponding systematic effects are
described below. The signal PDF inMD0 is fixed as the one
obtained by the fit to theMD0 distribution of the inclusiveD0

sample. The D0 background PDFs in MD0 is parametrized
with the sum of three Gaussian functions. The non-D0

background PDF in MD0 is an ARGUS function. The free
parameters in the fit are the yields of the three components,
the D0 background PDF shape parameters, and the non-D0

background PDF shape parameters except for the end-point
of the ARGUS function.
The projections of the fit are shown in Fig. 3. The fitted

signal yield of D0 → invisible is −6.3þ22.5
−21.0 , which is

consistent with zero.
The branching fraction is calculated using

B ¼
Nsig

ϵ × Nincl
D0

; ð3Þ

where Nsig, Nincl
D0 ., and ϵ are the fitted signal yield of D0 →

invisible decays, the number of inclusive D0 mesons, and
the efficiency of reconstructing D0 → invisible decays
within the inclusive D0 sample, respectively. We calibrate
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FIG. 2. The MD0 distribution of the inclusive D0 sample. The
points with error bars are data; the solid line is the fit result; the
blue dotted line is background, and the red area is the inclusive
D0 signal.
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FIG. 3. Fit results of D0 → invisible decays. The top panel
shows the MD0 distribution for EECL < 0.5 GeV and the bottom
one shows EECL for MD0 > 1.86 GeV=c2. The points with error
bars are data; the solid line is the fit result; the blue dotted line is
D0 background; the green dashed line is non-D0 background, and
the red area is the signal of D0 decaying to invisible final
states.
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EECL is defined as the sumof the energies of theECLclusters
that are not associated with the particles of the Dð"Þ

tagXfragπ−s
system. In order to suppress the beam background, cluster
energies are required to be above ECL-region-dependent
thresholds: 50 MeV for 32.2°<θ<128.7°, 100 MeV for
θ < 32.2°, and 150 MeV for θ > 128.7°.
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ECL is the EECL value of the ith candidate. The
Pj functions are products ofMD0 PDFs andEECL PDFs since
correlations between MD0 and EECL are found to be small.
There are three components in the fit: signal,D0 background,
and non-D0 background. The PDFs in EECL are histograms
obtained from MC simulation. The D0 and non-D0 back-
ground PDFs in EECL have a small peaking structure near
EECL ¼ 0 GeV, and the corresponding systematic effects are
described below. The signal PDF inMD0 is fixed as the one
obtained by the fit to theMD0 distribution of the inclusiveD0

sample. The D0 background PDFs in MD0 is parametrized
with the sum of three Gaussian functions. The non-D0

background PDF in MD0 is an ARGUS function. The free
parameters in the fit are the yields of the three components,
the D0 background PDF shape parameters, and the non-D0

background PDF shape parameters except for the end-point
of the ARGUS function.
The projections of the fit are shown in Fig. 3. The fitted

signal yield of D0 → invisible is −6.3þ22.5
−21.0 , which is

consistent with zero.
The branching fraction is calculated using

B ¼
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the efficiency of reconstructing D0 → invisible decays
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FIG. 2. The MD0 distribution of the inclusive D0 sample. The
points with error bars are data; the solid line is the fit result; the
blue dotted line is background, and the red area is the inclusive
D0 signal.
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shows the MD0 distribution for EECL < 0.5 GeV and the bottom
one shows EECL for MD0 > 1.86 GeV=c2. The points with error
bars are data; the solid line is the fit result; the blue dotted line is
D0 background; the green dashed line is non-D0 background, and
the red area is the signal of D0 decaying to invisible final
states.
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• Result of the first-ever search Belle, PRD 95, 011102(R) (2017)

X Nsig = �6.3+22.5
�21.0 from 2D fit to (MD0 , EECL)

X B(D0 ! invisible) < 9.4 ⇥ 10�5 @ 90% CL.

Youngjoon Kwon (Yonsei Univ.) Studies of Dark Sector particles at Belle EPS-HEP 2017 16

(a) (b) (c)

Figure 4: (a) The MD0 distribution of the inclusive D0 sample. (b) MD0 distribution and the fit result for
D0→ invisible decays, and (c) EECL distribution and the fit result for D0→ invisible decays.

structure in B and charm meson systems. At the same time they can probe much wider range of
elementary particle physics including exotic hadron states, heavy invisible particles as well as dark
sector particles. Several dark photon searches at BaBar and Belle have been made. In this talk
we have reported recent studies of dark sector and related subjects from the Belle experiment. But
there are many other modes which have yet to be explored. With the expectation of 50 times more
data at Belle II, we look forward to more stringent searches for the dark sector particles.
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