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and 0.907 as a function of the square of the center-of-
mass energy, s. The value of |1 � ⇧(s)|2 is taken from
Ref. [43, 44] and varies between 0.9148 and 1.102 depend-
ing on s. Based on Eqs. 5 and 6, the 90% C.L. upper
limits on Born and visible cross sections as a function of
mZ0 are calculated and shown in Fig. 6.
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FIG. 6: 90% C.L. upper limit on the cross section for e+e� !
µ+µ�(Z0 ! µ+µ�) as a function of mZ0 . The red solid line
represents the Born cross section and the blue dashed line the
visible cross section.

B. Limits on the Coupling Strength g0

With a theoretical cross section �th(
p
s), for a given

mZ0 , at
p
s and the coupling g0, the expected number of

signal for data sample used in this analysis is given as:

Nexp =

g02"B
⇣
�⌥(4S)
th (mZ0)L⌥(4S) + �⌥(3S)

th L⌥(3S) + . . .
⌘
.

(7)

With Eq. (7), the 90% C.L. upper limit on g0 corre-
sponding to Nexp = Nobs, is calculated and shown in
Fig. 7. The result excludes most of the Z 0 parameter
space that could be related to the updated (g � 2)µ re-
gion, from the Muon (g � 2) experiment [17, 18]. Also
shown in Fig. 7 are comparisons with the CHARM-II ex-
periment, the first measurement of the neutrino trident
production [45], the reinterpretation of the Columbia-
Chicago-Fermilab-Rochester (CCFR) results [21, 46] and
the first Z 0 ! µ+µ� search done by BABAR [29].
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FIG. 7: 90% C.L. upper limit on g0 as a function of mZ0 . The
red solid and blue dashed lines show the Belle results with
Born and visible cross section, respectively. The black dotted
line represents BABAR results [29], the light gray shaded
area is the result of CCFR, and the light purple hashed area
the result of CHARM-II over the Z0 parameter space [21, 46],
and the green region indicates the two sigma allowed region
of the Z0 contribution to (g�2)µ suggested by the Muon g�2
collaboration [17, 18].

V. CONCLUSION

In summary, we report the first search for a new gauge
boson Z 0 in the Lµ � L⌧ model with the on-shell pro-
duction of e+e� ! Z 0µ+µ�, followed by Z 0 ! µ+µ�,
with proper treatment of the ISR e↵ect. Since no signif-
icant excess is observed, the upper limit on the coupling
is set and the Z 0 contribution to the (g� 2)µ anomaly is
constrained. The upper limits remain weak, but in the
future, Belle II will be able to perform a more stringent
test for the region mZ0 < 2mµ [47–49].
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90% CL upper limits on B(B0
! ⇤ DS) as a function of

m DS are shown in Fig. 3. A summary of these limits and
the di↵erent distinct variables used in their calculation
for each m DS is presented in Table II.

TABLE I. Range of systematic uncertainties in the estimate
of the signal e�ciencies, �✏, and the number of expected BB

background events, �nBB
bkg, across the di↵erent values of m DS .

Source �✏ (%) �nBB
bkg (%)

Btag correction 8.6 8.6

Proton PID 0.5–2.8 4.3–5.7

Tracking e�ciency 0.7–1.9 1.1–1.9

Charged track veto 5.3–6.5 5.3–6.5

⇤ selection 2.5–3.6 4.4–4.7

Signal MC statistics 1.2–2.0 –

Rare B decays correction – 10.6–13.4

Branching fractions – 50.0

FIG. 3. The observed (solid line) and median expected
(dashed line) 90% CL upper limits on B(B0

! ⇤ DS) as
a function of m DS . The ±1� and ±2� expected exclusion
regions are indicated in green and yellow, respectively. A lin-
ear interpolation is performed between the values obtained for
the probed m DS values. The gray shaded region shows the
resulting 90% CL constraints from the reinterpretation of a
search at ALEPH for decays of b-flavored hadrons with large
missing energy [2, 4].

The fraction of decays not expected to contain hadrons
other than ⇤ in the final state as a function ofm DS is cal-
culated in Ref. [2] using phase-space considerations. This
fraction multiplied with BM provides the lower bounds
on B(B0

! ⇤ DS) for B-Mesogenesis. Those bounds
together with the observed 90% CL upper limits on
B(B0

! ⇤ DS) as a function of m DS are presented in

Fig. 4. The region m DS & 3.0GeV/c2 is excluded for
the O

2
us and O

3
us operator cases.
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FIG. 4. The observed 90% CL upper limits on B(B0
! ⇤ DS)

as a function of m DS (solid line), and the lower bounds on
B(B0

! ⇤ DS) for B-Mesogenesis using phase-space consid-
erations (shaded bands). The b-quark pole mass is chosen
as the benchmark mass in the phase-space integral (dashed
lines) while two other choices, the B0 meson mass and the
b-quark MS mass, delineate the upper and lower edges of the
shaded bands, respectively. The calculation is performed for
the “type-1” operator O

1
us = ( DSb)(us), and the “type-2”

and “type-3” cases O2
us = ( DSs)(ub) and O

3
us = ( DSu)(sb),

for which the phase-space integration is the same.

In summary, we have reported the results of a search
for the decays of B0 mesons into a final state containing
a ⇤ baryon and missing energy with a fully reconstructed
Btag using a data sample of 772⇥106 BB pairs collected
at the ⌥ (4S) resonance with the Belle detector. No sig-
nificant signal is observed and we set upper limits on the
branching fractions at 90% CL, which are the most strin-
gent constraints to date. Our analysis yields significant
improvements, and partially excludes the B-Mesogenesis
mechanism. We expect that the Belle II experiment [20]
will be able to fully test this mechanism.
The authors would like to thank G. Alonso-Álvarez,
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cussions on the B-Mesogenesis mechanism. We thank
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tory (EMSL) computing group for strong computing
support; and the National Institute of Informatics,
and Science Information NETwork 5 (SINET5) for
valuable network support. We acknowledge support
from the Ministry of Education, Culture, Sports, Sci-
ence, and Technology (MEXT) of Japan, the Japan
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OUTLINE

● Dark sector motivations
● Dark photon and/or dark Higgs radiative production and 

decays to SM final states
● Dark photon decays to DM
● Higgs-strahlung @ the Belle experiment: topology, events 

selection, extracted limits
● Dark sector at the Belle II experiments: expected sensitivity

STUDIES OF THE DARK SECTOR AT BELLE
(AND PROSPECTS FOR BELLE II)

Y. Kwon (Yonsei Univ.) Dark-sector searches from B-factory experiments Feb. 8, 2017 8

Age of enDarkenment?
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Overview
Intro. 
• Belle & Belle II

Leptophilic 
Dark photon, ALP
Search for Dark Sector in B decays
one more thing!
closing

Z′ 



Hunt for dark matter
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E. Graziani – Dark sector in Belle II - eeFACT2022
2

Dark matter hunt with a light sector

Cosmic frontier

Direct effect search in (mostly) 
underground experiments

Light Dark Matter Mediators
→ portals

Vector portal
Dark photon, Z’, …

Pseudoscalar portal
QCD Axions, ALPs, …

Scalar portal
Dark Higgs, scalars

Neutrino portal
Sterile neutrino 
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Cosmic frontier

Direct effect search in (mostly) 
underground experiments

Light Dark Matter Mediators
→ portals

Vector portal
Dark photon, Z’, …

Pseudoscalar portal
QCD Axions, ALPs, …

Scalar portal
Dark Higgs, scalars

Neutrino portal
Sterile neutrino 



light dark matter in  colliderse+e−
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Light Dark matter hunt

Additional benefits

• Explanations of some astrophysics anomalies
(PAMELA, AMS, FERMI, …) 

• Explanation of the (g-2)P effect

• Explanation of some flavour anomalies (LHCB, Belle, …)

• Some light mediators (not interacting with quarks) 
could escape direct search exclusion limits

E. Graziani – Dark sector in Belle II - eeFACT2022

Different signatures depending on the DM lmediator mass relation

�s

Probability of DM l detector interaction negligible
• Mostly low multiplicity signatures
• Missing energy channels
• Invisible particles, often in closed kinematics regime
• Some fully neutral final states accessibility

e+e- colliders

very little DM  detector interaction 
• mostly low-multiplicity signatures
• missing-(E,p) channels
• invisible particles, often in closed 

kinematic regime
• accessibility to some fully neutral final 

states

↔

other benefits: to explain
• some astrophysical anomalies (PAMELA, 

AMS, FERMI, …)
•  
• some flavor anomalies (Belle (II), LHCb, …)

but some light mediators (sterile to quarks) 
could escape direct search limits

(g − 2)μ
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Belle & Belle II

construction, testing, and commissioning stages of
the Belle detector.

2. Interaction region

2.1. Beam crossing angle

The layout of the interaction region is shown in
Fig. 2 [4]. The beam crossing angle of 711 mr
allows us to fill all RF buckets with the beam and
still avoid parasitic collisions, thus permitting
higher luminosity. Another important merit of
the large crossing-angle scheme is that it eliminates
the need for the separation-bend magnets, sig-
nificantly reducing beam-related backgrounds in
the detector. The risk associated with this choice of
a non-zero crossing angle is the possibility of
luminosity loss caused by the excitation of
synchro-beta resonances [5].

The low-energy beam line (e!) is aligned with
the axis of the detector solenoid since the lower-
momentum beam particles would suffer more
bending in the solenoid field if they were off-axis.

This results in a 22 mr angle between the high-
energy beam line (e") and the solenoid axis.

2.2. Beam-line magnets near the interaction point

The final-focus quadrupole magnets (QCS) are
located inside the field volume of the detector
solenoid and are common to both beams. In order
to facilitate the high gradient and tunability, these
magnets are superconducting at the expense of a
larger size. In order to minimize backgrounds from
QCS-generated synchrotron radiation, their axes
are aligned with the incoming e! and e" beams.
This requires the radius of the backward-angle
region cryostat to be larger than that of the one in
the forward-angle region. The inner aperture is
determined by the requirements of injection and
the need to avoid direct synchrotron radiation
incident on the beam pipe inside the cryostats. The
z-positions are determined by the detector accep-
tance (171pyp1501).

To minimize solenoid-field-induced coupling
between the x and y beam motions, superconduct-
ing compensation solenoid magnets are located

Fig. 1. Side view of the Belle detector.

A. Abashian et al. / Nuclear Instruments and Methods in Physics Research A 479 (2002) 117–232124
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18#countries#
84#institutes#
~400#members

Z L dt
=
10
39

fb
�1

Lpeak = 21.1 nb�1s�1

Y. Kwon (Yonsei Univ./Belle) Physics Highlights from Belle Aug. 25, 2015 4

counter

Si Vtx. det. 
4(3) lyr. DSSD

		20	countries	
		90	institutions	
~450	members
100
22

~450



Belle (and BaBar, too) achievements include: 

• CPV, CKM, and rare decays of B mesons (and Bs, 
too) 

• Mixing, CP, and spectroscopy of charmed hadrons, 
e.g.  

• Quarkonium spectroscopy and discovery of 
(many) exotic states, e.g. X(3872), Zc(4430)+ 

• Studies of τ and 2γ

D*s0(2317)+

2008
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SuperKEKB                         Belle II

injector		
to	Linac

<latexit sha1_base64="LDrPrMeyiiKn7txHDpbeYxM3NRw="></latexit>

Lpeak
II ⇡ 30⇥ Lpeak

I
<latexit sha1_base64="YbBuS6GqQt4D9dtJkKRL0GJXgHQ="></latexit>Z goal

LII dt = 50 ab�1 ⇡ 50

Z
LI dt

8

Super-KEKB: the nano-beam scheme

s
y
* = 48/62 nm

b
y
* = 0.27/0.3 mm

s
x
* = 10.1/10.7 mm

s
y
* = 940 nm

b
y
* = 5.9 mm

s
x
* = 147/170 mm

KEKB Super-KEKB
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The	Belle	II	Collaboration

26	countries/regions,			~120	ins3tu3ons,			~1000	collaborators

The Belle II Collaboration
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Belle II
Belle II has been in 
operation through the 
Pandemic era, with 
modified working mode 
in accordance with the 
anti-pandemic policy. 
(See back-up slide!)

peak luminosity 
world record 
4.7 × 1034 cm−2s−1

Collected luminosity before LS1 (2019-2022)
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Belle II Physics Mind-map

Image courtesy of Tom Browder
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Belle II Physics Mind-map



Leptophilic Z′ 

Belle II  PRL 124, 141801 (2020)
Belle II  New 2022 (preliminary) 
Belle      PRD 106, 012003 (2022)
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Leptophilic  searchZ′ 

•  model, initially motivated by  

• could also be a channel for sterile neutrinos as a dark 
matter candidate, as well as a potential sol. to  

• Search for  (Belle) 

• Search for “invisible” (Belle II) 
                  (Belle II)

Lμ − Lτ (g − 2)μ

RK(*)

Z′ → μ+μ−

Z′ →
Z′ → τ+τ−

BELLE
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μ−, τ−, ν, χ, . . .

μ+, τ+, ν, χ, . . .

First search for invisibly decaying  in Z′ e+e− → μ+μ−Z′ 

Phase 2 (2018) data (0.276 fb-1)

Search for an Invisibly Decaying Z0 Boson at Belle II in e+ e ! ! ! +! ! !e"!"#
Plus Missing Energy Final States
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Search for Zʹ ( ) & Zʹ (LFV)Lμ − Lτ

the ECL trigger. The efficiency is !79" 5#% when both
tracks are within the acceptance of selection 1; the
uncertainty is systematic and is due to kinematic depend-
encies. The performance of the ECL trigger is studied using
e$e! ! !$!!" events with E" > 1 GeV that are selected
with the CDC two-track trigger. The efficiency is found to
be uniformly !96" 1#% in the ECL barrel region.
The tracking efficiency for data is compared to simu-

lation using radiative Bhabha and e$e! ! #$#! events.
Differences are found to be 10% for two-track final states.
A 0.90 correction factor is applied to simulation, with a 4%
systematic uncertainty due to kinematic dependencies.
The PID efficiency for data is compared to simulation

using samples of four-lepton events from two-photon
mediated processes. Discrepancies at the level of 2% per
track are found, resulting in a systematic uncertainty of 4%.
The selection criteria before the # suppression are studied

using signal-free control samples in data and simulation.
We use the !!" sample defined above and an analogously
defined e!" sample to check the low recoil mass region.
Kinematic quantities are computed without taking into
account the presence of the photon. We also select !! and
e! samples that satisfy requirements 1–5, but which fail the
pT;lmax
rec –pT;lmin

rec requirement. These studies indicate that,
factoring out the 0.90 tracking efficiency correction, the
efficiency before the # suppression is 25% lower for !$!!

events in data than in simulation, but agrees for e"!!
events. A variety of studies failed to uncover the source of
this discrepancy, which is consistently found to be inde-
pendent of all checked quantities, including the recoil mass.
The background predictions from simulation and the signal
efficiency are thus corrected with a scaling factor of 0.75
for !$!! events. After the inclusion of these corrections,
the background level before the # suppression selection

agrees with the simulation in both samples within a 2%
statistical uncertainty [28], which is used as a systematic
contribution. This is a strong constraint for the standard Z0

signal efficiency as well, as the topology of background and
signal events (a pair of muons and missing energy) is
identical for signal and background and the discrepancy in
the measured yield is found not to depend on kinematic
quantities (see above). Nevertheless, we conservatively
assign a systematic uncertainty of 12.5% on the correction
factor to the signal efficiency for the dimuon sample, half
the size of the observed discrepancy.
To study the # suppression, we use an e$e! sample

selected using the same analysis criteria, but with both
tracks satisfying the electron criteria in selection 3. The
resulting sample includes e$e!", e$e!e$e! and #$#!

events where both leptons decay to electrons. The latter
has the same kinematic features of the most relevant
background source to both searches. Agreement between
data and simulation is found after the # suppression, within
a 22% statistical uncertainty. This is taken as a systematic
uncertainty on the background; no systematic uncertainty
due to this effect is considered for the signal, as the
selection has a high efficiency (around 50%, slightly
depending on the Z0 mass), and the distributions on which
it is based are well reproduced in simulation.
After the corrections for the two-track trigger efficiency

and for the data or simulation discrepancy in !$!! events,
signal efficiencies are found to range between 2.6% and
4.9% for Z0 masses below 7 GeV=c2. Signal efficiencies
are interpolated from the generated Z0 masses to the center
of each recoil mass window. An additional binning scheme
is introduced with a shift of a half bin, to cover hypothetical
signals located at the border of two contiguous bins, where
the signal efficiency is reduced. Systematic uncertainties
are summarized in Table I.
The final recoil mass spectrum of the !$!! sample is

shown in Fig. 2, together with the expected background.
We look for the presence of possible local excesses by
calculating for each recoil mass window the probability to
obtain a yield greater or equal to that obtained in data given
the predicted background, including statistical and system-
atic uncertainties. No anomalies are observed, with all

TABLE I. Relative systematic uncertainties affecting the !$!!

and e"!! analyses.

Source !$!! e"!!

Trigger efficiency 6% 1%
Tracking efficiency 4% 4%
PID 4% 4%
Luminosity 0.7% 0.7%
# suppression (background) 22% 22%
Background before # suppression 2% 2%
Discrepancy in !! yield (signal) 12.5%

FIG. 1. pT;lmax
rec vs pT;lmin

rec distributions after the optimal pT
!!

selection for MZ0 % 3 GeV=c2 signal (red) and for background
(blue). pT;lmax

rec (pT;lmin
rec ) is the transverse recoil momentum with

respect to the direction of the muon with maximum (minimum)
momentum in the c.m. frame. The optimal separation line is
superimposed.
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 of recoil ( ) w.r.t. lepton of higher-p 

 of recoil ( ) w.r.t. lepton of lower-p

pT,lmax
rec = pT Z′ 

pT,lmin
rec = pT Z′ 

This cut is mainly to suppress  bkgd.e+e− → τ+τ−

PRL 124, 141801 (2020)

results below 3! local significance in both the normal and
shifted-binning options [28]. A Bayesian procedure [29] is
used to compute 90% credibility level (C.L.) upper limits
on the standard Z0 cross section. We assume flat priors for
all positive values of the cross section, while Poissonian
likelihoods are assumed for the number of observed and
simulated events. Gaussian smearing is used to model the
systematic uncertainties. Results are cross-checked with
log-flat priors and with a frequentist procedure based on
the Feldman-Cousins approach [30] and are found to be

compatible in both cases [28]. Cross section results are
translated into 90% C.L. upper limits on the coupling
constant g0. These are shown in Fig. 3, where only values
g0 ! 1 are displayed. The observed upper limits for models
with BF!Z0 ! invisible" < 1 can be obtained by scaling
the light blue curve as 1=

!!!!!!
BF

p
.

The final recoil mass spectrum of the e#"! sample is
shown in Fig. 4, together with background simulations.
Again, no anomalies are observed above 3! local signifi-
cance [28]. Model-independent 90% C.L. upper limits on
the LFV Z0 efficiency times cross section are computed
using the Bayesian procedure described above and cross-
checked with a frequentist Feldman-Cousins procedure
(Fig. 5). Additional plots and numerical results can be
found in the Supplemental Material [28].
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results below 3! local significance in both the normal and
shifted-binning options [28]. A Bayesian procedure [29] is
used to compute 90% credibility level (C.L.) upper limits
on the standard Z0 cross section. We assume flat priors for
all positive values of the cross section, while Poissonian
likelihoods are assumed for the number of observed and
simulated events. Gaussian smearing is used to model the
systematic uncertainties. Results are cross-checked with
log-flat priors and with a frequentist procedure based on
the Feldman-Cousins approach [30] and are found to be

compatible in both cases [28]. Cross section results are
translated into 90% C.L. upper limits on the coupling
constant g0. These are shown in Fig. 3, where only values
g0 ! 1 are displayed. The observed upper limits for models
with BF!Z0 ! invisible" < 1 can be obtained by scaling
the light blue curve as 1=

!!!!!!
BF

p
.

The final recoil mass spectrum of the e#"! sample is
shown in Fig. 4, together with background simulations.
Again, no anomalies are observed above 3! local signifi-
cance [28]. Model-independent 90% C.L. upper limits on
the LFV Z0 efficiency times cross section are computed
using the Bayesian procedure described above and cross-
checked with a frequentist Feldman-Cousins procedure
(Fig. 5). Additional plots and numerical results can be
found in the Supplemental Material [28].
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e+e− → e±μ∓ [Z′ ]

e+e− → μ+μ− [Z′ ]

• MC events (histo.) are rescaled for , trigger, tracking efficiencies. 
• Histogram bin widths indicate the recoil mass windows

ℒ
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Upper limits on gʹ and prospects

To the future and beyond
• the Z’ searches allowed to demonstrate the 

capabilities of Belle II 

• much more data has been recorded in the mean 
time (x1000) 

• further progress: 

deeper knowledge of the detector 

improved particle identification  

advanced MVA tools (Punzi-net)

10Michel Bertemes - HEPHY Vienna

6

Fig. 6 The output distribution of all background events using the
Punzi-net, overlaid with the cut value that would give the best Punzi
FOM for each signal hypothesis.

possible FOM for a signal in-between trained masses, which
would otherwise have non-optimal results.

The values of the Punzi FOM obtained with the same cut
on the network output applied to all mass values is shown in
Fig. 7, together with the maximum achievable Punzi FOM
values for the BCE-trained network. We note that, for the
Punzi-net, applying a single cut to the output maintains per-
formance very close to that of the maximum achievable in
any given bin. This means that even when compared to an
optimal varied cut applied to the BCE network output, in-
terpolated across the recoil mass spectrum, the Punzi-nets
show strong performance. As discussed previously, this cut
interpolation can lead to discontinuities in the final recoil
mass distribution, and so the ability to achieve compara-
ble results with a single cut to the Punzi-net output is much
preferable.

Fig. 7 The average FOM achieved with the best single cut applied to
the Punzi-net and average maximum Punzi FOM achievable with a
the optimal varying cut to the BCE trained network in each bin across
range of generated Z’ signals.

An understanding of why the model successfully gener-
alises, and one network can be utilised for the full squared
recoil mass spectrum, can be inferred from Fig. 8, which
shows a 3D scatter plot of the p⇤t,thrust(µ), p⇤t,µmin

(µmax) and
p⇤l,µmin

(µmax) variables for 3 of the mass bins at a region
of p⇤t (µ+µ�) = (2.2±0.5) GeV/c. The green plane is the
chosen signal/background classification boundary obtained
with a single cut. One can see the masses describing three
respective planes in the parameter space which occupy dis-
tinct regions. This partitioning allows the network to adapt
between the different mass regions and so negates any need
for multiple classifiers for different regions.

Fig. 8 A 3D scatter plot showing the input space of the ANN with
p⇤t (µ+µ�) fixed around 2.2 GeV/c. The separation boundary defined
by the final selection (green sheet) separates the planes corresponding
to different recoil masses in a way that optimises the selection for all
signal hypotheses.

7 Conclusions

We have demonstrated that it is possible to implement a
non-differentiable metric approximation and a correspond-
ing loss-scheduling, combining both the approach of particle
physics and that of machine learning. We have provided de-
tails on how this can be done, along with a publicly available
code implementation in PyTorch [11]. We designed a new
loss function directly related to a precise figure of merit and
implemented it in the training of a neural network. We called
the new loss function associated with the loss-scheduling a
Punzi-loss function and the neural network implementing it
a Punzi-net. Our proposed method applied to the search of
new particles of unknown mass in high energy physics ex-
periments achieves better performance than standard meth-

3

the cross-section of the process, and this is not known a pri-
ori. An alternative FOM for this specific case was proposed
in [4], often referred to as the Punzi FOM after the author,
and is now in widespread use. The Punzi FOM to maximize
is the inverse of the minimal detectable cross-section smin,
defined as [4]

smin(t) =
b2

2 +a
p

B(t)+ b
2

q
b2 +4a

p
B(t)+4B(t)

e(t) ·L , (9)

where a and b are the number of sigmas corresponding
to one-sided Gaussian tests at some predefined significance
level (a and b ), L is the target luminosity, e(t) is the signal
efficiency and B(t) is the number of background events after
the selection defined by t [4].

4 Punzi-loss

We propose here a quantity approximating the Punzi FOM,
appropriate for optimising neural networks for physics se-
lections.

This loss function is based on the equation for the Punzi
sensitivity region (Eq. 9). However, Eq. 9 can not be used
directly because the number of background events B and
the signal efficiency e are discrete functions of the network
parameters for any given fixed cut on the classifier output,
whereas the loss function must be differentiable. We can
build a differentiable function by replacing the fixed cut on
the output with a sum over all events, weighted with the re-
spective value of the output. If events classified as signal
cluster around an output of 1 and events classified as back-
ground at 0, this quantity will closely approximate the orig-
inal function. In Eq. 9 this weighting can be captured by
performing the replacements

e(t)! e(www,bbb) = Â
xxx

yi · ŷi(www,bbb) · ssig

Ngen
and (10)

B(t)! B(www,bbb) = Â
xxx
(1� yi) · ŷi(www,bbb) · si

bkg (11)

where the sum is over all training inputs xxx and the index
i denotes the ith training event. Ngen is the total number of
generated signal events, ssig is a scale factor for the signal
and si

bkg is a scale factor for the background, which can in-
clude a weight factor to scale the luminosity for the individ-
ual simulated background samples to the target luminosity.
The scale factors can also include correction factors such as
trigger efficiencies and should account for the sample size
when only a subset of the generated data is used to compute
the loss.

The final loss function is then given by the arithmetic
mean of this continuous Punzi sensitivity calculated for all
signal hypotheses (mZ’) that are used in training,

CPunzi =
1

NZ’
Â
mZ’

smin(www,bbb), (12)

with NZ’ being the total number of hypotheses that were con-
sidered. Note that this loss function can no longer be calcu-
lated using single training events but is instead based on a
set of training data.

To test the Punzi-loss function, we implemented a sim-
ple fully-connected network in PyTorch [6] with four input
neurons, one output neuron, and two hidden layers with 8
and 4 neurons, respectively. The size of the net was deter-
mined empirically to give good results while keeping the
network relatively small.1

5 Training strategy

For the Punzi-loss training to converge, we found that the
parameters of the network should already be initialised in a
way that defines some separation between signal and back-
ground (similar to the loss scheduling scheme described in
[10]). This can be achieved by pretraining the network using
a conventional loss function and subsequently fine-tuning
this through the use of the Punzi-loss function.

For the activation function of the neurons in the hidden
layers, a hyperbolic tangent is used while the output neu-
ron uses a sigmoid function. Before training, the input vari-
ables were scaled to lie between 0 and 1, and the network
parameters were randomly initialised. For the pretraining,
a weighted BCE loss function was used. A weighting was
attributed to the signal events such that their correct classi-
fication was of equal importance to the background events.
An outline of the network architecture is given in Figure 1.

%&(

3XQ]L

�

�

3XQ]L�RSWLPLVHG�VLJQDO
UHJLRQ

,QLWLDO�RSWLPLVDWLRQ

Fig. 1 An outline of the network architecture. The first training with
the BCE loss function was used to set the weights and biases of the
net for the second training with the custom loss function based on the
Punzi figure of merit.

1The network size and architecture is not relevant for our approach.

Note: the  band in these plots do not include the most recent measurements from Fermilab Muon g-2. (g − 2)μ

PRL 124, 141801 (2020)
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• W+W- (J)    almost 100% suppressed
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• no excess ➔ set 90% CL upper limits on  and g’ 
• interpretation in two scenarios 
✓ “vanilla” scenario:  to SM only 
✓ “fully invisible” scenario
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Z′ 
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Z’ to invisible: results
• No excess found
• Set 90%CL exclusion limits on cross section and coupling

¾ Vanilla scenario: Z’ decays to SM only
¾ Fully invisible scenario

fully invisible Z’ as origin of (g-2)P excluded for 0.8 < MZ’ < 5.0 GeV/c2

Fully invisible Z’

fully invisible  as origin of  is
excluded for  GeV/c2

Z′ (g − 2)μ
0.8 < MZ′ < 5.0
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This procedure is done identically for non-ISR MC
samples where themR distribution is also modeled as a sum
of two Crystal Ball functions with a common mean;
however, for the non-ISR MC samples, the parametrization
of the pdf is different than for the ISR case. Comparing ISR
and non-ISR detection efficiencies is key to understand the
gap between data and MC background on Fig. 2.
Figure 3 shows efficiencies as a function of reduced

mass.
It is clear that the detection efficiency increases with

increasing Z0 mass up to 6 GeV=c2, and then it decreases.
This behavior is due to the muon detection efficiency in the
KLM, which has a threshold momentum of 600 MeV=c
reaching maximum at 1 GeV=c, then flattens for even
higher values.
Systematic uncertainties arise from luminosity, track

identification, muon identification, and fitting bias. The
luminosity uncertainty is 1.4% and is measured using
Bhabha and two-photon events. The track identification
uncertainty is 0.35% per charged track, or 1.4% in this
analysis, and is determined by comparing the track finding
efficiency of partially and fully reconstructed D!" !
D0#! K!!"$!" decays. A muon identification uncertainty
of 1.15% is determined from the change in event yields
while varying the muon likelihood ratio criterion from
0.1 to 0.2. With muon likelihood cuts, there is also a
systematic error to be considered on the detection effi-
ciency calculated through MC signal samples. This error is
calculated comparing "" ! #"#! data and MC samples.

Due to the large number of these events, it is possible to
map the dependency between momentum, muon likelihood
ratio, and error rate. Comparing our MC signal calculated
detection efficiency with and without this correction gives a
1% difference. Finally, a correction from the hadron veto is
implemented on the MC samples. This correction factor is
also 1%, and it is obtained by comparing MC samples with
and without the hadron veto.
The effect of fitting bias is investigated using a bootstrap

study to check whether allowing third-order polynomial
components to float in the fit end up inducing a bias on the
yield extracted. For each mass scan, this study is done by
varying the data with a Poisson distribution, varying each
individual bin of the histogram. This changed dataset is
then injected with a signal of yield, corresponding to a
Poisson distribution of the upper limit on the number of
observed events and a distribution following its pdf.
This reconstructed ensemble is then fitted in the same
way as the data. The newly extracted yield, Nsig, is then
compared to the true number of events injected, Ntrue

sig ,
divided by the uncertainty in the newly yield extracted,
$Nsig

, as #Ntrue
sig ! Nsig$=$Nsig

. This procedure is repeated
1000 times for each mass scan. We find that the extracted
yield and its uncertainty are systematically overestimated
by 3% and 4%, respectively. These biases are accordingly
taken into account in the Z0 scan and g0 upper limit
calculation by correcting the yield extracted and the error
on the yield extracted. They correspond to Ncor

sig %
Nsig#1" b$ and Nerrcor

sig % Nerr
sig ! berr, where b stands for

bias and the variables with a superscript err are related to
the error on the yield.
The significance of each possible Z0 candidate is

evaluated as

S % sign#Nobs$
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2 log#LS"B=LB$

p
; #4$

where sign#Nobs$ is the sign of the number of observed
events and LS"B=LB is the ratio between the maximum
likelihoods of the fits with a signal plus background
hypothesis #LS"B$ and background only hypothesis
#LB$. The distribution of significances is shown Fig. 4.
The largest local significance observed in an excess

(deficit) is 3.7$ (3.5$) around mZ0 % 3.3 GeV=c2

(3.1 GeV=c2), in Fig. 5. After incorporating the look-
elsewhere-effect, the global significance for the excess
becomes 2.23$.
Since no fit resulted in a global significance of at least

5$, we set upper limits on the coupling strength g0 as a
function ofmZ0 . A Bayesian method [44] is used to estimate
the 90% credibility interval (C.I.) upper limit on the number
of observed signal events, Nobs. A flat prior is assumed for
the signal yield and two nuisance parameters are added, one
for the signal yield and another for the background yield.
These nuisance parameters are two Gaussian uncertainties
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FIG. 3. Top: Detection efficiency as a function of the reduced
mass. Red points represent values with ISR correction. Open blue
squares represent values without it. Bottom: Ratio between ISR
and non-ISR detection efficiencies linearly fit. The average
constant value from a linear and constant fit is 0.741& 0.001.
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for a track to be identified as a muon is about 95% for
momenta between 1 to 3 GeV/c, and slightly lower for
other momentum lower than 1 GeV/c.

To suppress the background due to neutral particles,
the sum of ECL clusters, unrelated to any charged tracks
with energy greater than 30 MeV, is required to be less
than 200 MeV. Additionally, the visible energy, Evis, cal-
culated from the four muons must be consistent with the
center-of-mass energy, ECMS, so that |ECMS � Evis| <
500 MeV. Finally, a kinematic fit, where the initial and
final state four momenta are constrained, is performed.
To improve the resolution of the relevant tracks a fit qual-
ity criterion is applied.

As there are four possible combinations of oppositely
charged muons in the final state, we consider all four pos-
sible Z 0 candidates. To improve the sensitivity in the low
Z 0 mass region, we introduce a reduced mass, defined as

mR =
q

m2
µ+µ� � 4m2

µ,PDG, where mµµ is the invariant

masses of Z 0 candidate and m2
µ,PDG is the muon nomi-

nal mass [39]. The mR distribution is smoother than the
invariant mass distribution around the Z 0 mass close to
the dimuon mass.

The Z 0 reduced mass distributions are compared in
Fig. 3. Although the normalization of the data is only
65% of the background level, determined by a fit to a con-
stant probability density function(pdf) as shown in Fig. 3
(bottom). This di↵erence arises due to the ISR e↵ect,
which is not simulated in the background MC sample.
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FIG. 3: (Top) Reduced mass distributions. Black points
represent the remaining events after all selection criteria
are applied to the main MC background sample, e+e� !
µ+µ�µ+µ� scaled to 679 fb�1. The black shaded region rep-
resents the J/ vetoed region. Red squares represent the data
sample. (Bottom) Reduced mass ratio between the main MC
simulation background sample and data. The red line cor-
responds to a fit to a constant function of the ratio average
value.

We veto the reduced mass distribution around the J/ 
mass, 3.05 < mR < 3.13 GeV/c2, as its muonic decay can
mimic a signal. This was not necessary around the  (2S)
mass since the  (2S) decay into muons is negligible com-
pared to the main background.

A. Detection E�ciency

The e�ciency is determined using a fit to the MC sig-
nal samples with di↵erent mass hypotheses. It is the re-
sult of the integration of the fit function over mZ0 ±3�Z0 ,
where �Z0 is the Z 0 mass resolution. This e�ciency is in-
terpolated between the di↵erent discrete mass hypothe-
ses. Fig. 2 shows e�ciencies as a function of reduced
mass with and without ISR.

IV. RESULTS

A. Yield Extraction

The signal mR distribution is modeled as a sum of
three Gaussian functions with a common mean for the
non-ISR case and a sum of two Crystal Ball [40] functions
with a common mean for the ISR case. The shape param-
eters as a function of the mR are determined with signal
MC samples while the normalization is floated in the fit.
The width is calibrated using J/ ! µ+µ� events in the
veto region. The background is modeled with a third-
order polynomial which is the lowest order function that
can fit the e+e� ! µ+µ�µ+µ� background well. Back-
ground normalization and shape parameters are floated
in the fit.
We perform a binned maximum-likelihood fit to the re-

duced mass distribution with the range of mZ0 ± 25�Z0 .
The fit is repeated 9788 times with a di↵erent Z 0 mass hy-
pothesis in the step of 1 MeV/c2 from 0 to 9787 MeV/c2.
The step is much smaller than the width of the reduced
mass distribution for signal. The set of 9788 fits are done
twice, once for the non-ISR case and the next time for
the ISR case.
Systematic uncertainty arises from luminosity, track

identification, muon identification and fitting bias. The
luminosity uncertainty is 1.4% and is measured using
Bhabha and double photon events. The track iden-
tification uncertainty is 0.35% per charged track, or
1.4% in this analysis, and is determined by comparing
the track finding e�ciency of partially and fully recon-
structed D⇤+ ! D0(! K�⇡+)⇡+ decays. The muon
identification uncertainty is 1.15% in this analysis, and
is determined from change in event yields while varying
the muon likelihood ratio criterion from 0.1 to 0.2.
The e↵ect of fitting bias is investigated using a boot-

strap study to check whether allowing third-order poly-
nomial components to float in the fit, we induce a bias
on the yield extracted. For each mass scan, this study is
done by varying the data by a Poisson distribution and

• (Data) 

• (MC)  scaled to data 
luminosity

∫ ℒdt = 679 fb−1

e+e− → μ+μ−μ+μ−
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background and data. From Fig. 2, we observe the ratio
between data and the MC expectation for the 4! process to

be NS
obs

N4!
MC

! 0.700. This value is compatible with the product

of the ratio of the detection efficiencies " "ISR
"non!ISR

! 0.741#
and the ISR factor multiplied by the vacuum polariza-
tion ( "1$ ##"1 ! !#2 ! 0.945).
The 90% C.I. upper limits on Born cross section as a

function of mZ0 are calculated and shown in Fig. 7.

A. Limits on the coupling strength g0

With a Born theoretical cross section $th"
!!!
s

p
#, for a given

mZ0 , at
!!!
s

p
and the coupling g0, the expected number

of signal events for data samples used in this analysis is
given as

Nexp!g02%B"$!"4S#
th "mZ0#L!"4S# $$!"3S#

th L!"3S# $…#: "8#

With Eq. (8), the 90% C.I. upper limit on g0 correspond-
ing to Nexp ! Nobs, is calculated and shown in Fig. 8. The
result excludes most of the Z0 parameter space that could be
related to the updated "g ! 2#! region from the Muon
(g ! 2) experiment [17,20]. Also shown in Fig. 8 are
comparisons with the CHARM-II experiment, the
first measurement of the neutrino trident production [47],
the reinterpretation of the Columbia-Chicago-Fermilab-
Rochester (CCFR) results [23,48], and the first Z0 !
!$!! search done by BABAR [33].

V. CONCLUSION

In summary, we report a search for a new gauge boson Z0

in the L! ! L& model with the on shell production of
e$e! ! Z0!$!!, followed by Z0 ! !$!!. This is the first
search with the ISR effect directly included in the MC
signal sample, since previous searches did a data-driven
estimation of the ISR effect. Since no significant excess is
observed, the upper limit on the coupling is set and the Z0

parameter space constraint is improved.
This result specifically improves the previous g0 upper

limit between 2 and 8.4 GeV=c2.
The Z0 mass region lighter than the dimuon threshold,

does not have any constraints, but in the future, Belle II
will be able to perform a more stringent test for the
region [49–51].
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that correspond to the systematic errors. For the back-
ground nuisance parameter, the statistical errors are added
in quadratic sum to the systematic errors [45].
The results are shown in Fig. 6. Using the calculated

detection efficiency as shown in Fig. 3, the branching
fraction from Eq. (3) and the Belle luminosity !L" of
643 fb!1, the 90% upper limit on the Born e#e! ! Z0!#!!

cross section is obtained using

"B $ Nobs

LB#ISR!1# $"j1 ! !j2
; !5"

where Nobs, #ISR, B, (1# $) and j1 ! !!s"j2 are the upper
limit on the yield extracted from the data scan as shown in
Fig. 6, the ISR signal MC sample based detection effi-
ciency, the branching fraction from Eq. (3), the ISR
correction factor, and the vacuum polarization factor,
respectively.
In order to test the ISR and the vacuum polarization

effects, we check the ratio between the number of observed
signalNS

obs and the number of simulated signal eventsNS
MC.

This can be written as

NS
obs

NS
MC

$ "V
"B

!
#ISR

#non!ISR
; !6"

where #ISR!#non!ISR" is the detection efficiency obtained by
the ISR (non-ISR) signal MC. Since the cross section with
the ISR and vacuum polarization corrections ("V) is related
to the Born cross section by "V $ !1# $"j1 ! !j2 ! "B
[46] the ratio, Eq. (6), becomes

NS
obs

NS
MC

$ !1# $"j1 ! !j2 ! #ISR
#non!ISR

: !7"

As the ISR and vacuum polarization corrections are
common for the signal and the e#e! ! !#!!!#!!!4!"
background process, one can expect that the ratio, Eq. (6),
is the same for the signal and the 4! background:
NS

obs
NS

MC
$ N4!

obs

N4!
MC
.

Checking the consistency of the efficiency and ISR
correction factors can be carried out by the 4! MC
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Dark Higgsstrahlung: e+e− → A′ h′ 

28

E. Graziani – Dark sector in Belle II - eeFACT2022 22

Dark Higgsstrahlung: results
No excess found
Upper limits on V and H2 DD
most sensitive for 4 < MA’ < 9.7 GeV/c2

World first for 1.65 < MA’ < 10.51 GeV/c2
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Dark Higgsstrahlung (prospects)
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Dark Higgsstrahlung: luminosity projections

E. Graziani – Dark sector in Belle II - eeFACT2022 23

Dark Higgsstrahlung: luminosity projections
BELLE

arXiv:2207.06307 
Snowmass



Search for ALPs at Belle II
• Search for axion-like particles in   

for  (i.e.  final state) and invisible 
(i.e.    )

• -dependent  threshold 
✓ 1.0 GeV for  GeV,  and 0.65 GeV for 

 GeV,

e+e− → γa
a → γγ 3γ a →
γ+

ma Eγ

ma ≤ 4
ma > 4

30

/m
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in the simulation for the E� > 0.65GeV (E� > 1.0GeV)
selection. No correction is applied and we assign the sum
of the full di↵erence and its uncertainty as a systematic
uncertainty for the selection e�ciency. We assess the
di↵erence in the photon-energy reconstruction between
data and simulation by using radiative muon-pair events
in which we compare the predicted recoil energy calcu-
lated from the muon-pair momenta with the energy of
the photon candidate. We correct for the observed linear
energy bias that ranges from 0 (low energy) to 0.5% (high
energy). We vary the energy selection by ±1% and the
angular-separation selection by the approximate position
resolution of ± 5mrad, and take the respective full di↵er-
ence in the signal selection e�ciency with respect to the
nominal selection as a systematic uncertainty. We add
these three uncertainties in quadrature assuming no cor-
relations amongst them. The total relative uncertainty
due to the selection e�ciency is approximately 5.5% for
ALP masses above 0.5GeV/c2, and increases to approx-
imately 8% for the lightest ALP masses considered. As
additional systematic checks we vary the photon-timing
selection by ±1 and the shower-shape classifier selection
by ± 5% to account for possible between data and sim-
ulation samples, the invariant mass M��� selection by

± 0.002GeV/c2 to account for uncertainties in the beam
energy, and the polar-angle-acceptance selection by prop-
agating the e↵ect of a ±2mm shift of the interaction
point relative to the calorimeter to account for maximal
possible misalignment of the ECL. For all of these checks,
we find that they have a negligible e↵ect on the signal se-
lection e�ciency, so we do not associate any systematic
uncertainty with them.

We extract the signal yield as a function of
ma by performing a series of independent binned
maximum-likelihood fits. We use 100 bins for each
fit range. The fits are performed in the range
0.2 < ma < 6.85GeV/c2 for the M2

�� spectrum, and in
the range 6.85 < ma < 9.7GeV/c2 for the M2

recoil spec-
trum. The resolution of M2

�� worsens with increasing
ma, while that of M2

recoil improves with increasing ma

(see Fig. 2). The transition between M2
�� and M2

recoil fits
is determined as the point of equal sensitivity obtained
using background simulations.

The signal probability density function (PDF) has
two components: a peaking contribution from cor-
rectly reconstructed signal photons and a combinatorial-
background contribution from the other two combina-
tions of photons. We model the peaking contribution
using a Crystal Ball (CB) function [28]. The mass-
dependent CB parameters used in the fits to data are
fixed to those obtained by fitting simulated events. For
the simulated M2

recoil distribution, the CB mean is found
to be unbiased. For the simulated M2

�� distribution, we
observe a linear bias of the CB mean of about 0.5% re-
sulting from the combination of two photons with asym-
metric reconstructed-energy distributions. This bias is

FIG. 2. M2
�� and M2

recoil resolutions with uncertainty as a
function of ALP mass ma. The inset shows a zoom of the
low-mass region ma < 1GeV/c2.

determined to have negligible impact on the signal yield
and mass determination; therefore, no attempt to cor-
rect for it is made. Combinatorial-background contri-
butions from the wrong combinations of photons in sig-
nal events are taken into account by adding a mass-
dependent, one-dimensional, smoothed kernel density es-
timation (KDE) [29] PDF obtained from signal simula-
tion. The fits are performed in steps of ma that cor-
respond to half the CB width (�CB) for the respective
squared mass. This results in a total of 378 fits to the
M2

�� distribution and 124 fits to the M2
recoil distribu-

tion. CB signal parameters are interpolated between the
known simulated masses, and the KDE shape is taken
from the simulation sample generated with the closest
value of ma to that assumed in the fit.
The photon-energy resolution �(E�)/E� in simulation

is about 3% for E� = 0.65GeV and improves to about
2% for E� > 1GeV. Using the same muon-pair sample
as used for the photon-energy bias study, we find that the
photon energy resolution in simulation is better than that
in data by at most 30% at low energies. Therefore, we ap-
ply an energy-dependent additional resolution smearing
to our simulated signal samples before determining the
CB resolution parameter �CB; we assume conservatively
that the full observed di↵erence between data and simu-
lation is due to the photon-energy-resolution di↵erence.
We assign half of the resulting mass-resolution di↵er-
ence as a systematic uncertainty. The e↵ect of a ±2mm
shift of the interaction point relative to the calorimeter
is found to have a negligible impact on the the mass res-
olution and is not included as a systematic uncertainty.
We describe the backgrounds by polynomials of the

minimum complexity consistent with the data features.
Polynomials of 2nd to 5th order are used: 2nd for 0.2 <
ma  0.5GeV/c2, 4th for 0.5 < ma  6.85GeV/c2, and
5th for 6.85 < ma  9.7GeV/c2. The background poly-

M2 resolution
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FIG. 5. Upper limit (95% CL) on the ALP-photon cou-
pling from this analysis and previous constraints from electron
beam-dump experiments and e+e� ! �+invisible [6, 9], pro-
ton beam-dump experiments [8], e+e� ! �� [10], a photon-
beam experiment [11], and heavy-ion collisions [12].

10�3. These limits are almost one order of magnitude
more restrictive than existing limits from LEP [10]. In
the future, with increased luminosity, Belle II is expected
to improve the sensitivity to ga�� by more than one order
of magnitude [6].
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nomial parameters are not fixed by simulation but are
free parameters of each data fit. Each fit is performed in
a mass range that corresponds to �20�CB to +30�CB for
M2

�� , and �25�CB to +25�CB for M2
recoil. In addition,

the fit ranges are constrained between M2
�� > 0GeV2/c4

and M2
recoil < 100.5GeV2/c4. The choice of the order of

background polynomial and fit range is optimized based
on the following conditions: giving a reduced �2 close
to one, providing locally smooth fit results, and being
consistent with minimal variations between adjacent fit
ranges. Peaking backgrounds from e+e� ! P� are very
small compared to the expected statistical uncertainty
on the signal yield and found to be modeled adequately
by the polynomial background PDF.

The systematic uncertainties due to the signal e�-
ciency and the signal mass resolution are included as
Gaussian nuisance parameters with a width equal to the
systematic uncertainty. The systematic uncertainty due
to the background shape, which is the dominant source
of systematic uncertainty, is estimated by repeating all
fits with alternative fit ranges changed by ±5�CB and
with the polynomial orders modified by ±1. For each
mass value ma, we report the smallest of all signal signif-
icance values determined from each background model.
The local significance including systematic uncertainties
is given by S =

p
2 ln(L/Lbkg), where L is the maximum

likelihood for the fit, and Lbkg is the likelihood for a fit to
the background-only hypothesis. The local significances,
multiplied by the sign of the signal yield, are shown in
Fig. 3. The largest local significance, including system-
atic uncertainties, is found near ma = 0.477GeV/c2 with
a value of S = 2.8�.

FIG. 3. Local signal significance S multiplied by the
sign of the signal yield, including systematic uncertainties,
as a function of ALP mass ma. The vertical dashed lines
indicate (from left to right) changes in the default back-
ground PDF (0.5GeV/c2), in the photon energy selection cri-
teria (4.0GeV/c2), and in the invariant-mass determination
method (6.85GeV/c2).

By dividing the signal yield by the signal e�ciency

and the integrated luminosity, we obtain the ALP cross
section �a. We compute the 95% confidence level (CL)
upper limits on �a as a function of ma using a one-sided
frequentist profile-likelihood method [30]. For eachma fit
result, we report the least stringent of all 95% confidence
level (CL) upper limits determined from the variations of
background model and fit range. We convert the cross-
section limit to the coupling limit using

�a =
g2a��↵QED

24

✓
1�

m2
a

s

◆3

,

where ↵QED is the electromagnetic coupling [6]. This
calculation does not take into account any energy de-
pendence of ↵QED and ga�� itself [31]. An additional
0.2% collision-energy uncertainty when converting �a to
ga�� results in a negligible additional systematic uncer-
tainty. Our median limit expected in the absence of a
signal and the observed upper limits on �a are shown
in Fig. 4. The observed upper limits on the photon cou-
plings ga�� of ALPs, as well as existing constraints from
previous experiments, are shown in Fig. 5. Additional
plots and numerical results can be found in the Supple-
mental Material [32]. Our results provide the best limits
for 0.2 < ma < 5GeV/c2. This region of ALP param-
eter space is completely unconstrained by cosmological
considerations [33]. The remaining mass region below
0.2GeV/c2 is challenging to probe at colliders due to the
poor spatial resolution of photons from highly boosted
ALP decays, and irreducible peaking backgrounds from
⇡0 production.

FIG. 4. Expected and observed upper limits (95% CL) on
the ALP cross section �a. The vertical dashed lines are the
same as those in Fig. 3.

In conclusion, we search for e+e� ! �a, a ! �� in the
ALP mass range 0.2 < ma < 9.7GeV/c2 using Belle II
data corresponding to an integrated luminosity of
445 pb�1. We do not observe any significant excess of
events consistent with the signal process and set 95%CL
upper limits on the photon coupling ga�� at the level of
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section �a. We compute the 95% confidence level (CL)
upper limits on �a as a function of ma using a one-sided
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where ↵QED is the electromagnetic coupling [6]. This
calculation does not take into account any energy de-
pendence of ↵QED and ga�� itself [31]. An additional
0.2% collision-energy uncertainty when converting �a to
ga�� results in a negligible additional systematic uncer-
tainty. Our median limit expected in the absence of a
signal and the observed upper limits on �a are shown
in Fig. 4. The observed upper limits on the photon cou-
plings ga�� of ALPs, as well as existing constraints from
previous experiments, are shown in Fig. 5. Additional
plots and numerical results can be found in the Supple-
mental Material [32]. Our results provide the best limits
for 0.2 < ma < 5GeV/c2. This region of ALP param-
eter space is completely unconstrained by cosmological
considerations [33]. The remaining mass region below
0.2GeV/c2 is challenging to probe at colliders due to the
poor spatial resolution of photons from highly boosted
ALP decays, and irreducible peaking backgrounds from
⇡0 production.

FIG. 4. Expected and observed upper limits (95% CL) on
the ALP cross section �a. The vertical dashed lines are the
same as those in Fig. 3.

In conclusion, we search for e+e� ! �a, a ! �� in the
ALP mass range 0.2 < ma < 9.7GeV/c2 using Belle II
data corresponding to an integrated luminosity of
445 pb�1. We do not observe any significant excess of
events consistent with the signal process and set 95%CL
upper limits on the photon coupling ga�� at the level of
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Search for dark photon in  decaysB0

• a process via a virtual dark higgs , and consequently 
 

• consider only prompt decays  or   

• scan the range  GeV with full Belle data 
sample at 

h′ 

h′ → A′ A′ 

A′ → e+e−, μ+μ− π+π−

0.02 < mA′ < 2.62
Υ(4S)
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component of pmiss ⌘ pbeam �
P

pparticle, which is useful to reduce combinatorial back-131

ground due to multiple semi-leptonic decays from b ! c`
�
⌫̄` and c ! (s, d)`+⌫` for both132

B and B. �mA0 ⌘ |mA0
1
� mA0

2
| and

P
�mA0 ⌘ |(mA0

1
� mA0

exp.) + (mA0
2
� mA0

exp.)| (mA0
1,2

:133

reconstructed A
0
1,2 mass, mA0

exp. : expected A
0 mass) are calculated for the two dark photon134

candidates in an event.135

For the signal event selection, Mbc > 5.27 GeV/c
2 and Emiss < 3.5 GeV/c are re-136

quired for all modes. Considering the energy loss from e
±, �E requirements are optimized137

separately for different modes: �0.2 GeV/c < �E < 0.05 GeV/c for B
0

! e
+
e
�
e
+
e
�,138

�0.1 GeV/c < �E < 0.04 GeV/c for B
0

! e
+
e
�
µ
+
µ

� and e
+
e
�
⇡
+
⇡

�, and �0.03 GeV/c <139

�E < 0.03 GeV/c for B
0

! µ
+
µ

�
µ
+
µ

� and µ
+
µ

�
⇡
+
⇡

�. The requirements on �mA0 and140

⌃�mA0 depend on both A
0 mass and number of electrons in the final-state particles. The141

selections on both variables become tighter for higher A
0 mass and less number of elec-142

trons. For mA0 > 0.1 GeV/c
2, we require �mA0(⌃�mA0) < 0.06 ⇥ mA0 + 0.03(GeV/c

2)143

for B
0

! e
+
e
�
e
+
e
�, �mA0(⌃�mA0) < 0.03 ⇥ mA0 + 0.01(GeV/c

2) for B
0

! e
+
e
�
µ
+
µ

�144

and e
+
e
�
⇡
+
⇡

�, and �mA0(⌃�mA0) < 0.01 ⇥ mA0 + 0.01(GeV/c
2) for B

0
! µ

+
µ

�
µ
+
µ

�145

and µ
+
µ

�
⇡
+
⇡

�. For mA0  0.1 GeV/c
2, we apply slightly different selection condi-146

tions for �mA0 and ⌃�mA0 , while requirements on Mbc and �E remain the same as for147

mA0 > 0.1 GeV/c
2. We do not use Emiss for mA0  0.1 GeV/c

2, because for such low-mass148

dark photon, little background is expected from generic B decays. In the low A
0 mass149

region, the dominant source of reconstructed mass width is electron momentum resolution.150

This source is independent of mA0 , so we apply �mA0(⌃�mA0) < 0.02 GeV/c
2 for all mA0 .151

After signal selection, most of the combinatorial background is in the B
0

! `
+
`
�
⇡
+
⇡

�152

mode, coming from the continuum processes e
+
e
�

! qq̄ (‘continuum background’). In153

the four-lepton mode, on the other hand, there is almost no background left in the signal154

candidates. The continuum background is suppressed via multivariate analysis (MVA) using155

Fisher discriminant [28] method in the TMVA [31] package. We make use of 16 event shape156

variables: cosine of the angle between beam-axis and B
0 momentum (cos ✓B), cosine the157

angle between thrust axis of B
0 daughters and thrust axis of rest of particles (cos✓thrust),158

and the Fisher discriminant components of modified Fox-Wolfram moments [36]. The MVA159

training is performed every dark photon signal MC versus continuum MC. We applied MVA160

selection creteria to retain from 75% to 90% of signal and from 10% to 30% of continuum161

background, depending on dark photon mass and final state.162

4 Systematic uncertainties163

We determine the branching fraction of B
0

! A
0
A

0 as164

B(B0
! A

0
A

0) =
Nobs � Nbkg

✏ ⇥ 2 ⇥ NBB ⇥ B0
, (4.1)165

where B0 is the branching fraction of ⌥(4S) ! B
0
B

0, of which the current world-average166

value is 0.486±0.006 [43], Nobs is the yield, Nbkg is the number of expected background from167

MC, ✏ is the signal reconstruction efficiency considering branching fraction of A
0 subdecays,168

– 4 –

dark Higgs [16], by scanning the A
0 mass range between 0.02 GeV/c

2 and 2.62 GeV/c
254

with 20 MeV/c
2 interval. We consider only prompt decays of A

0 to e
+
e
�, µ

+
µ

�, or ⇡
+
⇡

�.55

Lepton-flavor-violating decays [12, 21] A
0
! e

±
µ

⌥ are not considered in this analysis.56

1.1 Branching fraction of dark photon decay57

In order to obtain B(B0
! A

0
A

0), we need to know the branching fractions of A
0 to a58

particular final state. The decay rates of the dark photon that couples to ordinary photon59

via kinetic mixing [15] are conjectured as60

B(A0
! `

+
`
�
/hadrons) =

�A!`+`�/hadrons

�A0!e+e� + �A0!µ+µ� + �A0!hadrons
, (1.1)61

where �A0!`+`� = 1
3↵"

2
mixingmA0

q
1 � 4m

2
`/m

2
A0(1+2m

2
`/m

2
A0) and �A0!hadrons = �A0!µ+µ�62

⇥ R(s = m
2
A0) [15], with R(s = m

2
A0) = �e+e�!hadrons/�e+e�!µ+µ� which is determined63

by various experiments [43]. The branching fraction of A
0

! ⇡
+
⇡

� is then obtained as64

B(A0
! ⇡

+
⇡

�) = B(A0
! hadrons) ⇥ �(e+e

�
! ⇡

+
⇡

�)/�(e+e
�

! hadrons) [37].65

1.2 The Standard Model expectation66

The B
0-decay final states that we analyze in this paper are e

+
e
�
e
+
e
�, e

+
e
�
µ
+
µ

�, µ
+
µ

�
µ
+
µ

�,67

e
+
e
�
⇡
+
⇡

�, and µ
+
µ

�
⇡
+
⇡

�. In the SM, B
0-meson decays to four-charged-lepton final68

states are expected to be O(10�12) [24]. Due to the low SM expectation and background,69

these multileptonic B meson decay channels can be a sensitive probe for dark sector bosons.70

The LHCb experiment has set an upper limit B(B0
! µ

+
µ

�
µ
+
µ

�) < 6.9 ⇥ 10�10 at 95%71

confidence level (C.L.) [2] and measured B(B0
! µ

+
µ

�
⇡
+
⇡

�) = (2.1 ± 0.5) ⇥ 10�8 [5].72

2 The Belle detector73

Our analysis is based on the full 711 fb�1 integrated luminosity of ⌥(4S) data set from74

the Belle detector [6, 18] and KEKB e
+
e
� energy asymmetric collider [7, 34]. The Belle75

detector consists of seven subdetectors with 1.5 T magnetic field along with beam axis.76

Inside the magnet, there are silicon vertex detector (SVD), 50-layer central drift chamber77

(CDC), aerogel threshold Cherenkov counters (ACC), time-of-flight scintillation counters78

(TOF), and electromagnetic calorimeter (ECL) consists of 8736 CsI(Tl) crystals. Outside,79

there is K
0
L mesons and muons detector (KLM).80

We perform the search in a blind analysis, for which we generate Monte Carlo (MC)81

simulation samples using EvtGen [35] for event generation and GEANT3 [19] for detector82

simulation. Signal efficiencies are determined by the signal MC set, where a million events83

are generated for each signal mode and for different dark photon masses. The event shape84

and amount of the background events are studied by using generic MC samples simulating85

e
+
e
�

! ⌥(4S) ! BB and e
+
e
�

! qq̄ (q = u, d, s, c) (‘conituum’) processes. The statistics86

of MC samples for ⌥(4S) and continuum simulation correspond to 10 and 6 times that of87

real data, respectively. e
+
e
�

! qq̄ MC compared to Belle collected data.88
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ΓA′ →ℓ+ℓ− =
1
3

αϵ2
mix mA′ 

1 − 4m2
ℓ /m2

A′ (1 + 2m2
ℓ /m2

A′ )
ΓA′ →had = ΓA′ →μ+μ− R(s = m2

A′ 
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mode and require the remainder of the event to consist of only a single ⇤. No evidence for these
decays is found and we set 90% confidence level upper limits on the branching fractions in the range
2.1–3.8⇥10�5. This measurement provides the world’s most restrictive limits, with implications for
baryogenesis and dark matter production.

According to the B-Mesogenesis mechanism [1, 2],
the CP-violating oscillations and subsequent decays of
B mesons in the early Universe can simultaneously ex-
plain the dark matter (DM) relic abundance and baryon
asymmetry. A robust prediction of this mechanism is
a branching fraction larger than BM = 10�4 for B0

mesons decaying into a final state containing a ⇤ baryon,
missing energy in the form of a GeV-scale dark sec-
tor antibaryon  DS, and any number of light mesons;
B(B0

! ⇤ DS+mesons) > 10�4. The limit BM strongly
depends on the semileptonic asymmetries in neutral B
meson decays [2, 3]. At present, the best bound on such
a process is an exclusive branching fraction of B(B0

!

⇤ DS) . 2 ⇥ 10�4 derived from an inclusive ALEPH
search for events with large missing energy arising from
b-flavored hadron decays at the Z peak [2, 4]. In order
for this decay to exist, a new TeV-scale bosonic colored
mediator Y is required. This heavy mediator can be in-
tegrated out to yield an e↵ective four-fermion operator
Ous =  DSbus. An example diagram of the correspond-
ing decay is shown in Fig. 1. Successful baryogenesis re-
quires a  DS mass . 3.5GeV/c2 as indirectly constrained
by LHC searches on TeV-scale color-triplet scalars [2, 5].
We report the first search for B0

! ⇤ DS exclusive de-
cays using the full Belle data sample of 711 fb�1 collected
near the ⌥ (4S) resonance. Charge-conjugate decays are
implied throughout this letter.

d

b
B0

d

u

s

⇤

⇠DS

�DS

Y

 DS

FIG. 1. An example diagram of the B meson decay process
as mediated by the heavy colored scalar Y that results in DM
and a visible baryon. The dark sector antibaryon  DS decays
into stable DM particles: a dark sector scalar antibaryon �DS

and a dark Majorana fermion ⇠DS.

This measurement is based on a data sample that
contains (772 ± 11) ⇥ 106 BB pairs, collected with the
Belle detector [6] at the KEKB asymmetric-energy e+e�

(3.5 on 8.0GeV) collider [7] operated at the ⌥ (4S) res-
onance. In addition, we employ an 89 fb�1 data sample
recorded at a center-of-mass (CM) energy 60MeV below
the ⌥ (4S) resonance (o↵-resonance data) to character-
ize the background. The Belle detector is a large-solid-

angle magnetic spectrometer 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 arrangement of time-of-flight scintil-
lation counters (TOF), and an electromagnetic calorime-
ter comprised of CsI(Tl) crystals (ECL) located inside a
superconducting solenoid coil that provides a 1.5T mag-
netic field. An iron flux-return located outside of the
coil is instrumented to detect K0

L mesons and to identify
muons. Two inner detector configurations were used. A
2.0 cm radius beampipe and a 3-layer SVD were used for
the first sample of 152 ⇥ 106 BB pairs, while a 1.5 cm
radius beampipe, a 4-layer SVD, and a small-inner-cell
CDC were used to record the remaining 620 ⇥ 106 BB
pairs [8].
We study properties of signal events, identify sources of

background, and optimize selection criteria using Monte
Carlo (MC) simulated events. These samples are gen-
erated using the software packages EvtGen [9] and
Pythia [10], and final-state radiation is included via
Photos [11]. The detector response is simulated us-
ing Geant3 [12]. We produce B0

! ⇤ DS MC events
according to a phase-space model for eight individual
values of the  DS mass in the range 1.0GeV/c2 

m DS  3.9GeV/c2 to calculate signal reconstruction ef-
ficiencies. To estimate background, we use MC samples
that describe all e+e� ! qq processes. Events contain-
ing e+e� ! BB with subsequent b ! c decays, and
e+e� ! qq (q = u, d, s, c) continuum events, are both
simulated with six times the integrated luminosity of
Belle. Rare charmless B meson decays are simulated with
50 times the integrated luminosity.
Event reconstruction for this analysis is performed en-

tirely in the Belle II Software Framework [13] by con-
verting Belle data structures to that of Belle II [14]. We
identify signal candidates by fully reconstructing the ac-
companying neutral B meson (Btag) and requiring a sin-
gle ⇤ baryon on the signal side. We analyze the data
in an unbiased manner by finalizing all selection criteria
before viewing events in the signal region.
The Btag candidates are reconstructed in hadronic de-

cay channels using the Full Event Interpretation algo-
rithm [15]. The algorithm employs a hierarchical recon-
struction ansatz in six stages. In the first stage, tracks
and neutral clusters are identified and required to pass
some basic quality criteria. In the second stage, boosted
decision trees (BDTs) are trained to identify charged
tracks and neutral energy depositions as detector-stable
particles (⇡+,K+, µ+, e+, �). In the third and fourth
stages, these candidate particles are combined into com-
posite parents (⇡0, J/ ,K0

S , D
0, D+, D+

s ), and for each

• B-mesogenesis — explains Baryogenesis and DM with B decays 
✓ Elor, Escudero, Nelson  [PRD 99, 035031 (2019)]
✓ predicts  

• Existing limits 
✓  by ALEPH (EPJC 2001)
✓ , indirectly constrained by CMS, ATLAS (from searches for 

TeV-scale color triplet scalars)

ℬ(B0 → ΛψDS + meson) > 10−4

ℬ(B0 → ΛψDS) ≲ 2 × 10−4

m(ψDS) ≲ 3.5 GeV

BELLE

PRD 105, L051101 (2022)
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FIG. 2. The observed (solid points) and expected background
(stacked shaded histograms) EECL distributions for m DS =
2.5GeV/c2, with the first bin representing the signal region.
The shape of the continuum contribution is taken from the
o↵-resonance data, while the other two background sources
are from MC simulation; each distribution is normalized to
the expected number of events in the first bin. The signal
shape (dashed line) is taken from MC simulation, assuming a
branching fraction of B(B0

! ⇤ DS) = 8⇥ 10�5.

dence level (CL) upper limits on B(B0
! ⇤ DS), as a

function of the  DS mass. The likelihood is a Poisson
“on/o↵” model with log-normal constraints to incorpo-
rate systematic uncertainties. The signal yield is defined
as s = 2⇥NB0B0 ⇥✏⇥B(B0

! ⇤ DS)⇥B⇤, where NB0B0

is the number of B0B0 pairs in the full Belle dataset, ✏ is
the signal e�ciency, and B⇤ denotes the branching frac-
tion B(⇤ ! p⇡�). The likelihood is defined as

L = P(nsr; s+ b) ⇥ P(nbkg; ⌧ · b0)

⇥ G [b; b0, 1 + syst(b0)]

⇥ G [✏; nomi(✏), 1 + syst(✏)]

⇥ G [NB0B0 ; nomi(NB0B0), 1 + syst(NB0B0)]

⇥ G [B⇤; nomi(B⇤), 1 + syst(B⇤)] . (1)

Here, P is a Poisson distribution, and

G(x;m0,) =
1

x
p
2⇡ ln()

exp


�
ln2(x/m0)

2 ln2()

�
(2)

is a log-normal distribution, wherem0 is the median iden-
tified with the best estimate for the random variable x,
and  > 1 encodes the spread in the distribution with
 � 1 corresponding roughly to the multiplicative rel-
ative uncertainty on x. In Eq. (1), nsr is the number
of candidates in the signal region, nbkg is the expected
number of background MC candidates surviving our se-
lection criteria, ⌧ = 6 is the ratio between the luminosity

of the background MC sample and the full Belle dataset,
syst denotes the relative systematic uncertainty and nomi
the nominal value. The expected number of background
events corresponding to the full Belle dataset, b0, is a
free parameter of the likelihood. It has the same relative
systematic uncertainty as nbkg.
For each m DS value we allow di↵erent optimization

requirements, and di↵erent systematic uncertainties are
included based on the kinematics and reconstruction ef-
ficiency of each sample. The systematic uncertainty aris-
ing from the number of BB pairs is 1.4%. The world
average value of B

⇥
⌥ (4S) ! B0B0

⇤
is (48.6 ± 0.6)% [3],

leading to a systematic uncertainty of 1.8% on the num-
ber of B0B0 pairs. The world average value of B⇤ is
(63.9± 0.5)% [3], resulting in the systematic uncertainty
of 0.8%.
The calibration factor for the hadronic tagging e�-

ciency is studied in Ref. [15] and found to be 0.860±0.074.
The uncertainty in this value is taken as a systematic
uncertainty. The uncertainty due to proton PID is eval-
uated using an independent sample of ⇤ ! p⇡� de-
cays. The systematic uncertainty due to charged track
reconstruction is calculated using partially reconstructed
D⇤+

! D0⇡+ decays, with D0
! K0

S⇡
+⇡� and K0

S !

⇡+⇡�. For the pion, an additional systematic uncer-
tainty based on a study of low-momentum tracks from
B0

! D⇤�⇡+ decays is applied. The slow pion emitted
in the decays of the D⇤ allows one to probe the low-
momentum region. The di↵erence in the charged track
veto e�ciency between data and MC simulation is es-
timated by comparing the e↵ect of requiring no extra
tracks available in the event on samples of B0

! D(⇤)l⌫
events. The systematic uncertainty due to ⇤ reconstruc-
tion is determined from a comparison of yield ratios of
B+

! ⇤⇤K+ with and without the ⇤ selection require-
ments in data and MC samples. The weighted average
of the data-MC di↵erence over the momentum range is
assigned as the systematic uncertainty. Furthermore, we
include the binomial error of the e�ciency as a system-
atic uncertainty.
The statistical uncertainty of the correction on the

number of continuum events in MC simulation is 21.0–
26.9%, based on o↵-resonance data; this is assigned as
a systematic uncertainty. Since none of the BB back-
ground MC decays surviving our selection criteria are
from exclusively observed and measured processes in ex-
periment, we assign a conservative 50% systematic uncer-
tainty on their branching fractions; this is the dominant
systematic uncertainty on nbkg. The statistical uncer-
tainty of the correction for possible background from rare
B decays applied to the number ofBB background events
in MC simulation is included as a systematic uncertainty.
The range of systematic uncertainties in the estimate

of the signal e�ciencies, �✏, and the number of expected
BB background events, �nBB

bkg, across the di↵erent values
of m DS are listed in Table I. The observed and expected
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• B-mesogenesis — explains Baryogenesis and DM with B decays 

✓ Elor, Escudero, Nelson  [PRD 99, 035031 (2019)]
✓ predicts  

• Belle strategy 
✓ Hadronic B-tagging, and look for  nothing in the signal-B
✓ use  for background suppression

 depending on 

ℬ(B0 → ΛψDS + meson) > 10−4

Λ +
EECL

EECL < 0.57 ∼ 0.74 mψDS

 distribution for
•
•

EECL
mψDS

= 2.5 GeV
ℬ(B0 → ΛψDS) = 8 × 10−5
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B0 o /\DS at Belle
� B-Mesogenesis : explain Baryogenesis and DM 

with B decay [Elor,Escudero,Nelson PRD99,035031 (2019)]
� Robust prediction B(B0 o / \DS +meson) > 10í4

� Experimental limit
9 B(B0 o /\DS) < 2u10í4 by ALEPH [EPJC19,213 

(2001)]
9 m(\DS)<3.5 GeV from CMS [JHEP 1910, 244] 

and ATLAS [JHEP 2102, 143]. 
� Search B0 o / \DS at Belle with 711 fbí� data.

9 Reconstruct one B with hadronic mode.
9 Reconstruct / in the signal side and look at 

EECL (remaining energy in the event)

[arXiV:2110.14086]

Signal assumes m(\DS)=2.5 GeV 
and B(B0 o /\DS) = 8u10í5

B0 B0

/
p

S

(\DS) 

tag b(4S)
B0B0
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90% CL upper limits on B(B0
! ⇤ DS) as a function of

m DS are shown in Fig. 3. A summary of these limits and
the di↵erent distinct variables used in their calculation
for each m DS is presented in Table II.

TABLE I. Range of systematic uncertainties in the estimate
of the signal e�ciencies, �✏, and the number of expected BB

background events, �nBB
bkg, across the di↵erent values of m DS .

Source �✏ (%) �nBB
bkg (%)

Btag correction 8.6 8.6

Proton PID 0.5–2.8 4.3–5.7

Tracking e�ciency 0.7–1.9 1.1–1.9

Charged track veto 5.3–6.5 5.3–6.5

⇤ selection 2.5–3.6 4.4–4.7

Signal MC statistics 1.2–2.0 –

Rare B decays correction – 10.6–13.4

Branching fractions – 50.0

1.0 1.5 2.0 2.5 3.0 3.5 4.0
m�DS (GeV/c2)
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FIG. 3. The observed (solid line) and median expected
(dashed line) 90% CL upper limits on B(B0

! ⇤ DS) as
a function of m DS . The ±1� and ±2� expected exclusion
regions are indicated in green and yellow, respectively. A lin-
ear interpolation is performed between the values obtained for
the probed m DS values. The gray shaded region shows the
resulting 90% CL constraints from the reinterpretation of a
search at ALEPH for decays of b-flavored hadrons with large
missing energy [2, 4].

The fraction of decays not expected to contain hadrons
other than ⇤ in the final state as a function ofm DS is cal-
culated in Ref. [2] using phase-space considerations. This
fraction multiplied with BM provides the lower bounds
on B(B0

! ⇤ DS) for B-Mesogenesis. Those bounds
together with the observed 90% CL upper limits on
B(B0

! ⇤ DS) as a function of m DS are presented in

Fig. 4. The region m DS & 3.0GeV/c2 is excluded for
the O

2
us and O

3
us operator cases.

FIG. 4. The observed 90% CL upper limits on B(B0
! ⇤ DS)

as a function of m DS (solid line), and the lower bounds on
B(B0

! ⇤ DS) for B-Mesogenesis using phase-space consid-
erations (shaded bands). The b-quark pole mass is chosen
as the benchmark mass in the phase-space integral (dashed
lines) while two other choices, the B0 meson mass and the
b-quark MS mass, delineate the upper and lower edges of the
shaded bands, respectively. The calculation is performed for
the “type-1” operator O

1
us = ( DSb)(us), and the “type-2”

and “type-3” cases O2
us = ( DSs)(ub) and O

3
us = ( DSu)(sb),

for which the phase-space integration is the same.

In summary, we have reported the results of a search
for the decays of B0 mesons into a final state containing
a ⇤ baryon and missing energy with a fully reconstructed
Btag using a data sample of 772⇥106 BB pairs collected
at the ⌥ (4S) resonance with the Belle detector. No sig-
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m DS are shown in Fig. 3. A summary of these limits and
the di↵erent distinct variables used in their calculation
for each m DS is presented in Table II.

TABLE I. Range of systematic uncertainties in the estimate
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FIG. 3. The observed (solid line) and median expected
(dashed line) 90% CL upper limits on B(B0

! ⇤ DS) as
a function of m DS . The ±1� and ±2� expected exclusion
regions are indicated in green and yellow, respectively. A lin-
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! ⇤ DS) as a function of m DS are presented in
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2
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us operator cases.
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as a function of m DS (solid line), and the lower bounds on
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and “type-3” cases O2
us = ( DSs)(ub) and O

3
us = ( DSu)(sb),

for which the phase-space integration is the same.

In summary, we have reported the results of a search
for the decays of B0 mesons into a final state containing
a ⇤ baryon and missing energy with a fully reconstructed
Btag using a data sample of 772⇥106 BB pairs collected
at the ⌥ (4S) resonance with the Belle detector. No sig-
nificant signal is observed and we set upper limits on the
branching fractions at 90% CL, which are the most strin-
gent constraints to date. Our analysis yields significant
improvements, and partially excludes the B-Mesogenesis
mechanism. We expect that the Belle II experiment [20]
will be able to fully test this mechanism.
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• No signal;  

• Excludes  for “type-2” and “type-3” hypotheses
ℬ(B0 → ΛψDS) < (2.1 ∼ 3.8) × 10−5

mψDS
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One more thing!
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X = Z 0, S, ALP

e+e− → μ+μ−X(→ τ+τ−)
Dataset:  

Signal selection 
• 1-prong  only  4 charged tracks 

[ ] 
• M(4 tracks) < 9.5 GeV 
• scan   

Background sources 
•  [1+3 prongs] 
•  
•  (no ISR in MC) 
•  
•  (no MC)

63.3 fb−1

τ ⇒
2μ + 2(e/μ/π)

Mrecoil(μμ)

ττ(γ)
qq̄
ℓ+ℓ−ℓ′ +ℓ′ −

μμππ
e+e−Xhad

Background suppression with MLP 
• based on 14 input neurons & one 

hidden layer of 15 neurons 
• separately in 8 ranges of Mrecoil(μμ)g

 G. De Pietro

g g
15 

Z’ / S / ALP  → τ+τ– - Reconstruction

Background suppression via dedicated Neural Network
$ 8 NN ranges in Mrecoil(µµ)

Selection optimized for Z’⇥�+�– signal
$ achieved 99% background reduction

Belle II simulationBelle II simulation

Belle II simulation

Dataset: 63.3 fb-1

f

Basic selections:
- considering only 1-prong � decays

$ require 4 tracks
- 2µ + 2e/µ/⌥
- M(4 tracks) < 9.5 GeV
- allowed neutrals
- scan Mrecoil(µµ)

f

Main backgrounds:
- �+�–(⌃) (1x3-prongs events)
- qq
- l+l–l+l– (no ISR in our simulation)
- µ+µ–⌥+⌥– + e+e–Xhad. (not simulated)
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e+e− → μ+μ−X(→ τ+τ−)

E. Graziani – Recebt  dark-sector results at Belle II - ICHEP 2022 15

Z’, S, ALP → WW: observed yields

e+e- → e+e- Xhadronic

Discrepancies expected and understood
Non-peaking in Mrecoil (PP)

¾ signal mass resolution: 1.5 – 30 MeV/c2

Background floated in the fit

e+e- → e+e- Xhadronic

Missing ISR

signal mass resolution: 1.5 – 30 MeV/c2

•  discrepancies, expected & understood
• search for peaking in 

signal mass resolution:  MeV 
• background, floated in the fit

∃
Mrecoil(μμ)

1.5 − 30

preliminary
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e+e− → μ+μ−X(→ τ+τ−)

• no excess anywhere
• set 90% UL on cross-sections (L) & couplings (R)

- 1st constraints on  (leptophilic dark scalar) for M > 6.5 GeV 
- 1st direct constraints on ALP 

S
→ τ+τ−

Figure 3: Observed 90% CL upper limits on the cross section for the process e+e� !
µ+µ� Z 0 with Z 0 ! ⌧+⌧�.

SuperKEKB in 2019-2020, corresponding to an integrated luminosity of 63.3 fb�1. We287

find no significant excess above the background and set upper limits on the cross section288

for masses between 3.6 and 10 GeV/c2. We derive exclusion limits on the couplings of289

three different models: the Lµ � L⌧ model, a leptophilic dark scalar model, for which we290

probe for the first time masses above 7 GeV/c2, and a model with an ALP decaying to291

leptons, for which we are world-leading over the whole covered mass spectrum.292
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We shall not cease from exploration 
And the end of all our exploring 

Will be to arrive where we started 
And know the place for the first time. 

… 

T. S. Eliot, from “Little Gidding”


