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Introduction
• 𝐵! → 𝐴"𝐴"

§ 𝐴! is a visible, prompt-
decaying dark photon.

§ ℎ! is a virtual dark Higgs,
coming from the kinetic
mixing with the 𝐻 and
decaying into an 𝐴! pair.

• 𝑒#𝑒$ → 𝜇#𝜇$𝑍%!$%"
" → 4𝜇

§ 𝐿" − 𝐿# is the lepton-
number difference.

§ Assume prompt decay.
§ We only reconstruct the
𝑍! → 𝜇$𝜇% decay.

• 𝐵! → Λ𝜓&'
§ 𝜓&' is a GeV-scale dark

sector antibaryon.
§ 𝑌 is a TeV-scale bosonic

colored mediator.
§ Use hadronic tagging.

September 8, 2021PANIC 2021

J
H
E
P
0
4
(
2
0
2
1
)
1
9
1

Figure 1. A possible diagram of B0 → A′A′ decay through off-shell Higgs-dark Higgs mixing
indicated by the shaded circle.

1.1 Branching fraction of dark photon decay

In order to obtain B(B0 → A′A′) from the analysis of the decays into the final states
considered, we need to know the branching fractions of A′ to a particular final state.
Below the τ+τ− threshold, the branching fraction of the dark photon that is consistent
with our hypothesis is obtained as

B(A′ → ℓ+ℓ−/π+π−) =
ΓA′→ℓ+ℓ−/π+π−

ΓA′→e+e− + ΓA′→µ+µ− + ΓA′→hadrons
, (1.1)

where ℓ = e or µ. Following ref. [21], we write down the partial widths to ℓ+ℓ− and hadrons
as

ΓA′→ℓ+ℓ− = 1
3αε

2
mixmA′

√
1 − 4m2

ℓ/m
2
A′(1 + 2m2

ℓ/m
2
A′),

ΓA′→hadrons = ΓA′→µ+µ− × R(s = m2
A′),

(1.2)

with the square of the total center-of-mass (CM) frame energy s, the kinetic mixing pa-
rameter εmix, and R(s) = ∑

e+e−→hadrons /
∑

e+e−→µ+µ− which is determined by various
experiments [1]. The branching fraction of A′ → π+π− is then obtained as [22]:

B(A′ → π+π−) = B(A′ → hadrons) ×
∑

(e+e− → π+π−)/
∑

(e+e− → hadrons). (1.3)

1.2 The SM expectation of B0 decays to four charged leptons

The B0-decay final states that we analyze are e+e−e+e−, e+e−µ+µ−, µ+µ−µ+µ−,
e+e−π+π−, and µ+µ−π+π−. In the SM, branching fractions of B0-meson decays to four-
charged-lepton final states are expected to be O(10−12) [23]. Due to the low SM signal
and background yields expected, these multileptonic B-meson decay channels can be a
sensitive probe for dark sector bosons. The LHCb experiment has set an upper limit
B(B0 → µ+µ−µ+µ−) < 6.9 × 10−10 at 95% confidence level (C.L.) [24] and measured
B(B0 → µ+µ−π+π−) = (2.1± 0.5) × 10−8 [25].
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1a�liation

We present a search for the decays of B0 mesons into a final state containing a ⇤ baryon and
missing energy. These results are obtained from a 711 fb�1 data sample that contains 772⇥106 BB
pairs and was collected near the ⌥ (4S) resonance with the Belle detector at the KEKB asymmetric
energy e+e� collider. We use events in which one B is fully reconstructed in a hadronic decay mode
and require the remainder of the event to consist of only a single ⇤. No evidence for these decays
is observed and we set upper limits on the branching fractions at 90% confidence level. This mea-
surement provides the world’s currently most restrictive limits, with implications for baryogenesis
and dark matter production.

PACS numbers: XX.YY.ZZ, AA.BB.CC

According to the B-Mesogenesis mechanism [1, 2],1

the CP-violating oscillations and subsequent decays of2

B mesons in the early Universe can simultaneously ex-3

plain the dark matter (DM) relic abundance and baryon4

asymmetry. A robust prediction of this mechanism is a5

branching ratio larger than BM = 10�4 for B0 mesons de-6

caying into a final state containing a ⇤ baryon, missing7

energy in the form of a GeV-scale dark sector antibaryon8

 DS, and any number of light mesons; B(B0
! ⇤ DS +9

mesons) > 10�4. The limit BM strongly depends on the10

semileptonic asymmetries in neutral B meson decays. At11

present, the best bound on such a process is an exclusive12

branching fraction of B(B0
! ⇤ DS) . 2⇥ 10�4 derived13

from an inclusive ALEPH search for events with large14

missing energy arising from b-flavored hadron decays at15

the Z peak [2, 3]. In order for this decay to exist, a new16

TeV-scale bosonic colored mediator Y is required. This17

heavy mediator can be integrated out to yield an e↵ective18

four-fermion operator Ous =  DSbus. An example dia-19

gram of the corresponding decay is shown in Fig. 1. Suc-20

cessful baryogenesis requires a  DS mass . 3.5GeV/c221

as indirectly constrained by LHC searches on TeV-scale22

color-triplet scalars [2, 4]. We report the first search for23

B0
! ⇤ DS exclusive decays using the full Belle data24

sample of 711 fb�1. Charge-conjugate decays are implied25

throughout this paper.26

This measurement is based on a data sample that con-27

tains (772± 11)⇥ 106 BB pairs, collected with the Belle28

detector at the KEKB asymmetric-energy e+e� (3.5 on29

8GeV) collider [5] operated at the ⌥ (4S) resonance. In30

addition, we employ an 89 fb�1 data sample recorded at31

a center-of-mass (CM) energy 60MeV below the ⌥ (4S)32

resonance (o↵-resonance data) to characterize the back-33

ground. The Belle detector is a large-solid-angle mag-34

netic spectrometer that consists of a silicon vertex detec-35

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 color scalar Y that results in DM
and a visible baryon. The dark sector antibaryon  DS decays
into stable DM particles: a dark sector scalar baryon �DS and
a dark Majorana fermion ⇠DS.

tor, a 50-layer central drift chamber (CDC), an array of36

aerogel threshold Cherenkov counters (ACC), a barrel-37

like arrangement of time-of-flight scintillation counters38

(TOF), and an electromagnetic calorimeter comprised of39

CsI(Tl) crystals (ECL) located inside a super-conducting40

solenoid coil that provides a 1.5T magnetic field. An iron41

flux-return located outside of the coil is instrumented to42

detect K0
L mesons and to identify muons. The detector43

is described in detail elsewhere [6]. Two inner detec-44

tor configurations were used. A 2.0 cm radius beampipe45

and a 3-layer silicon vertex detector were used for the46

first sample of 152 ⇥ 106 BB pairs, while a 1.5 cm ra-47

dius beampipe, a 4-layer silicon detector, and a small-cell48

inner drift chamber were used to record the remaining49

620 ⇥ 106 BB pairs [7].50

We study properties of signal events, sources of back-51

ground, and optimize selection criteria using Monte Carlo52

(MC) simulated events. These samples are generated us-53

ing the software packages EvtGen [8] and Pythia [9],54

and final-state radiation is included via Photos [10].55

BN 1489 v4.1: Z 0 search

Therefore in this study, Z 0 couples only to muons, taus and their neutrinos1

by a constant g0. Explicitly these are the decay modes for the Z 0 in the Belle mass2

range:3

• mZ0 < mµ+µ� Z 0 ! invisible, ⌫`⌫̄`4

• mZ0 > mµ+µ� Z 0 ! ⌫`⌫̄` and Z 0 ! µ+µ�
5

• mZ0 > m⌧+⌧� Z 0 ! ⌫`⌫̄`, Z 0 ! µ+µ� and Z 0 ! ⌧+⌧�6

• model dependent Z 0 ! invisible, meaning a decay into the dark sector, Light7

Dark Matter.8

e�
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µ�
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�/Z
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Figure 1: The diagram on the left is the channel available at Belle, a e�e+ collision
producing a µ pair and a Z 0 that promptly decays into another µ pair. The right
diagram shows another motivation for the Z 0 which is its role in a loop correction
that is a possible explanation for the gµ � 2 anomaly.

In this study the search for the Z 0 is done through its coupling to muons, as9

seem on the left in Fig 1 and on the right it is one of the main motivations for this10

model the diagram for the (g � 2)µ, the magnetic moment of the muon anomaly.11

This is an attempt to find a Z 0 signal or to place limits on its coupling constant,12

g0.13

Mainly, the merits for searching for the Z 0 through its muon channel, Z 0 !14

µ+µ� are:15

• it is the visible channel, di↵erent from Z 0 ! ⌫`⌫`, which is invisible16

• very high sensitivity in Belle17

• broad mass coverage di↵erent from the ⌧⌧ decay channel, the Branching18

Ratio (Br) as visible in Fig 2, stretches from the dimuon threshold (0.21219

GeV/c2) to higher masses20

Czank, T./ Jaegle, I./ Ishikawa, A./ Yamamoto, H. page 3/28
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KEKB / Belle

1040 fb°1 of data was collected by Belle
œ 711 fb°1 of ®(4S) = 772£106

BB

EPS-HEP 2021 Seokhee Park @ KEK 4/13

KEKB and Belle
𝟏𝟎𝟒𝟎 𝐟𝐛$𝟏 of data was collected by Belle.

§ 711 -b%( of Υ 4S = 772×10) 𝐵 7𝐵. In each 𝐵 7𝐵
event, one 𝐵 meson is the tag and the other
one is the signal.
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KEKB / Belle

1040 fb°1 of data was collected by Belle
œ 711 fb°1 of ®(4S) = 772£106

BB

EPS-HEP 2021 Seokhee Park @ KEK 4/13 3
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𝑩𝟎 → 𝑨"𝑨": Introduction. JHEP 04 191.
• A short-lived and 100% visible dark photon is assumed.

§ Target final states: 5 decay modes (4𝑒, 2𝑒2𝜇, 4𝜇, 2𝑒2𝜋, 2𝜇2𝜋) combined to 𝐵* → 𝐴!𝐴!.
§ Kinematically allowed 𝐴! mass is 10 − 2620 MeV: 10 and 20 MeV intervals. 
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B 0 ! A0A0: Introduction [JHEP 04 (2021) 191]

In this analysis, short-lived and 100% visible dark photon is assumed.
Target �nal states
œ 5 decay modes (4e, 2e2µ, 4µ, 2e2º, and 2µ2º) to combine B

0 ! A
0
A
0

œ Kinematically allowed A
0 mass (10°2620 MeV) with 10°20 MeV interval

Relative A
0 branching fraction [PRD 79, 115008] Relative B

0 branching fraction for each �nal state

EPS-HEP 2021 Seokhee Park @ KEK 5/13
Relative 𝐴! branching fraction. PRD 79 115008 Relative 𝐵" branching fraction for each final state
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𝑩𝟎 → 𝑨"𝑨": Background suppression

• Possible Standard Model resonances to be identified as 𝐴" are rejected:
§ 𝐽/𝜓 → 𝑙$𝑙% and 𝜓(2𝑆) → 𝑙$𝑙%.
§ 𝐷* → 𝜋$𝜋%, including 𝐾%𝜋$ with misidentified 𝐾±.
§ Light mesons (𝐾,*, 𝜌*, 𝜙, etc.).

• 𝑒#𝑒$ → 𝑞0𝑞 continuum events suppression using 16 event-shape variables:
§ Including 𝐵* candidate momentum direction, angle between thrust axis of 𝐵* candidate

and other particles, and (modified) Fox-Wolfram moments.
§ Only applied for 𝑙$𝑙%𝜋$𝜋% final states. No background in the four-lepton modes.
§ Fischer discriminant training is performed using the TMVA package.

• Small amount of combinatorial background:
§ Leptons mostly from semileptonic decays of quarks. (Missing energy from neutrinos).

September 8, 2021PANIC 2021 5



B 0 ! A0A0: Event reconstruction

Require at least 4 charged tracks,
including at least one e+e° or µ+µ° pair
œ Each track should appear near the intraction

point with good track �tting

After combining A0 and B 0, �ve variables
are used to judge the quality of B 0

œ Mbc: beam-constrained mass
œ ¢E : energy di�erence b/w beam and B cand.
œ Missing energy of an event
œ ¢MA0 : |MA

0
1
°MA

0
2
|

œ ß±MA0 : |MA
0
1
°mA0 |+ |MA

0
2
°mA0 |

• M
A
0
1,2
: reconstructed A

0
1,2 mass

• mA0 : target A
0 mass

EPS-HEP 2021 Seokhee Park @ KEK 7/13

• Require at least four charged tracks,
including at least one 𝑒#𝑒$ or 𝜇#𝜇$ pair.
§ Each track should appear near the

interaction point with a good track fitting.

• After combining two 𝐴" to form a 𝐵!, five
variables, defined in the center-of-mass
frame, are used to judge the quality of 𝐵!.
§ 𝑀-.: beam-energy constrained mass.
§ ΔE: energy difference between beam

and 𝐵* candidate.
§ Missing energy of the event.
§ Δ𝑀/!: 𝑀/"! −𝑀/#! .

§ ∑𝛿𝑀/!: 𝑀/"! −𝑚/! + 𝑀/#! −𝑚/! .
ü 𝑀!!,#$ : reconstructed 𝐴",$

% mass.
ü 𝑚!$: target 𝐴% mass.
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Signal / Background MC
(arbitrary scale)
𝑚#! = 2.0 GeV
𝑒𝑒𝜇𝜇 final state

𝑩𝟎 → 𝑨"𝑨": Event reconstruction
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𝑩𝟎 → 𝑨𝑨": Results
• No significant excess of signal is observed → upper limits are obtained.
• Calculate upper limits using Feldman-Cousins unified approach.

§ Mostly 𝒪(10%0 − 10%1). Near the light meson rejection region up to 𝒪 10%2 .
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Observed events in Belle data 90% CL upper limits on the branching fractions
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𝑩𝟎 → 𝑨"𝑨": Results
• Higgs portal coupling 𝜆 is derived using the following equation: PRD 83 054005
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Figure 6. 90% upper limits of the Higgs portal coupling (λ) versus the dark photon mass for a
2.00, 4.00, 5.24, 8.00 GeV/c2 dark Higgs.

The B0 → A′A′ branching fraction with off-shell H–h′ mixing, for all but the mh′ ∼
mB0 region, is calculated as [5],1

B(B0 → A′A′) ≃ 7 × 10−7 × λ2 × V 1/2
A′A′ ×

VA′A′ + 12m4
A′/m4

B0

(1 − m2
h′/m2

B0)2
(5.1)

where λ is the Higgs portal coupling with a new scalar field H ′ from LHiggs =
−λ(H†H)(H ′†H ′) and VA′A′ = 1 − 4m2

A′/m2
B0 . From eq. (5.1) and the limits on

B(B0 → A′A′), we determine the 90% C.L. upper limits on λ versus mA′ (figure 6) and mh′

(figure 7). In the region where mh′ ≃ mB0 , the upper limit on λ gets as low as O(10−2).
Otherwise, the upper limits are O(10−1)–O(1).

6 Conclusions

In summary, we have searched for B0 → A′A′ decays for the first time using the full data
set of 772 × 106 BB events of Belle. We restrict our study to the case where A′ decays
promptly to e+e−, µ+µ−, or hadronic final states, and consider five final states of B0 which
are e+e−e+e−, e+e−µ+µ−, µ+µ−µ+µ−, e+e−π+π−, and µ+µ−π+π−. From the branching
fraction of A′, the five B0 final states are merged to determine the branching fraction of
B0 → A′A′. We find no significant signal in any assumed A′ mass and decay mode, so
we determine upper limits on B(B0 → A′A′) × B(A′ → e+e−)2, B(B0 → A′A′) × B(A′ →
µ+µ−)2 and B(B0 → A′A′), each at 90% C.L. The limits on the products of branching

1B. Batell, private communication on the numerical factor of eq. (5.1) of ref. [5], when we apply B0-
meson-related variables instead of Bs-meson and the measured Higgs mass.
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90% CL limits on 𝜆 versus ℎ! mass
for various 𝐴! masses

90% CL limits on 𝜆 versus 𝐴! mass
for various ℎ! masses
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𝒆#𝒆$ → 𝝁#𝝁$𝒁𝑳𝝁$𝑳𝝉
" :

Introduction
• PRD 89 113004: 𝑍%!$%"

" can be:
§ A potential source of muon 𝑔 − 2 anomaly.
§ An accessing channel for sterile neutrinos

(dark matter candidates).
• The target final state is 𝑍" → 𝜇#𝜇$ within

kinematically allowed mass range.
§ Full Belle dataset (~1 ab%() is used.

• 𝑍" coupling by BaBar: PRD 94 011102.
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BN 1489 v4.1: Z 0 search
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Figure 2: This plot shows the Branching Ratio as a function of the Z 0 mass.

1.1 Motivation1

The original motivations for dark matter models are closely related to astronomical2

observations. One of the first pieces of evidence pointing to dark matter is the3

Galaxy rotation problem, the speed of visible astronomical objects farther from4

their Galaxy center is expected to be smaller than the speed of those close to5

the Galaxy center, since the amount of visible objects at edges of galaxies is also6

smaller than at the center, but the observed result is di↵erent.7

This result led to the proposal that there is extra invisible matter, which8

doesn’t interact with the electromagnetic force carrier, the photon, and is there-9

fore, “dark”. More indications of dark matter is the CMB anisotropy spectrum10

[6]. In which the Cosmic Microwave Background’s (CMB) photons are scattered11

across the universe in a very uniform way, yet there are still perturbations, a tem-12

perature di↵erence distribution dependent on the angular measurement position,13

from probes, such as the Wilkinson Microwave Anisotropy Probe (WMAP), the14

Czank, T./ Jaegle, I./ Ishikawa, A./ Yamamoto, H. page 5/28

90% CL limit of coupling 𝑔! from BaBar

Branching ratio as a function of the 𝑍! mass
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ground sample and data of 678.95 fb-1 are shown in Fig. 2.1

The MC simulation reproduces the shape of the data2

while the normalization of the data is smaller than the3

MC background by a factor of 0.65 from a constant pdf4

fit, as shown in Fig. 2 (bottom). This di↵erence is be-5

cause the ISR e↵ect is not taken into account in the MC6

simulation background sample.7
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FIG. 2: Top: Reduced mass distributions. Black poins rep-
resent the remaining events after all cuts are applied to the
main MC background sample, e+e� ! µ+µ�µ+µ� scaled to
678.95 fb-1. Red poins represent the data sample. Bottom:
Reduced mass ratio between the main MC simulation back-
ground sample and data. The red line corresponds to a linear
fit of the ratio.

We veto the reduced mass distribution around J/ 8

mass, 3.05 < mR < 3.13 GeV/c2, as its muonic decay9

can mimic a signal.10

Detection E�ciency11

The e�ciency is determined using the MC signal sam-12

ples fit function with di↵erent mass hypotheses. It is13

the result of the integration of the fit function over14

mZ0 ± 3�Z0 , where �Z0 is the Z 0 resolution. This e�-15

ciency is interpolated to all the other mass candidates.16

Fig. 3 shows e�ciencies as a function of reduced mass17

with and without ISR.18

In Fig. 3 it is clear that the detection e�ciency in-19

creases with increasing Z 0 mass until a Z 0 mass of 620

GeV/c2 and then it decreases. This behavior is due to21

the KLM muon detection e�ciency which has threshold22

at momentum 600 MeV/c reaching maximum at 1 GeV/c23

then flat for even higher values.24

2 4 6 8
]2c [GeV/Rm

0

0.1

0.2

0.3

0.4

Ef
fic

ie
nc

y

ISR, 2 Crystal Ball
Non ISR, 3 Gauss

FIG. 3: Detection e�ciency as a function of the reduced mass.
Red points represent values with ISR correction. Open blue
squares represent values without it.

RESULTS25

Yield Extraction26

The signal distribution is modeled as a triple Gaus-27

sian function with a common mean for non-ISR case and28

a sum of 2 Crystal Ball [37] functions with a common29

mean for the ISR case. The shape parameters as a func-30

tion of the reduced mass are determined with signal MC31

samples while normalization is floated in the fit. The32

width is calibrated with the J/ ! µ+µ� events in the33

veto region. The background is modeled with third or-34

der polynomial which is the lowest order function that35

fits the e+e� ! µ+µ�µ+µ� background well. The nor-36

malization and shape parameters are floated in the fit.37

We performed a binned maximum likelihood fit to the38

reduced mass distribution with the range of mZ0 ±25�Z0 .39

The fit is repeated 9788 times with a di↵erent Z 0 mass40

hypothesis in a step of 1 MeV/c2 from 0 to 9787 MeV/c2.41

The step is much smaller than the width of the reduced42

mass distribution for signal. The set of 9788 fits are done43

twice, once for the non-ISR case and once for the ISR44

case.45

Systematic uncertainty comes from the following46

sources:47

• the luminosity uncertainty is 1.4% and it was48

measured using very luminosity channels, such as49

Bhabha and double photon events.50

• the track identification uncertainty is 0.35% per51

charged track, so 1.4% in this analysis. It was mea-52

𝒆#𝒆$ → 𝝁#𝝁$𝒁𝑳𝝁$𝑳𝝉
" : Event reconstruction

• Require four charged tracks, and
the sum of charges should be zero.
§ At least two same-signed tracks are

identified as muons.

• Selection criteria:
§ The energy remaining in the ECL

(Electromagnetic Calorimeter) without
track association < 200 MeV.

§ Apply 𝑚3/5 ± 30 MeV and 𝑚6((') ±
100 MeV rejection cuts to the di-muon
invariant mass.

§ Four-muon invariant mass is within
initial beam energy ±500 MeV.
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• Background in Belle data:
§ 𝑒$𝑒% → 2𝜇𝐽/𝜓 or 2𝜋𝐽/𝜓
§ 𝑒$𝑒% → 𝑝�̅� or 𝑛7𝑛
§ 𝑒$𝑒% → 4𝜇
§ 𝑒$𝑒% → 4𝜋
§ 𝑒$𝑒% → 2𝑒2𝜇

§ 𝑒$𝑒% → 2𝜇2𝜏
§ 𝑒$𝑒% → 2𝜇
§ 𝑒$𝑒% → 2𝜏
§ 𝑒$𝑒% → 𝑞7𝑞
§ …

4

positron along two muons, and then immediately decays1

into another muon pair, totaling four muons in the final2

state as in Fig. 1.3

e�

e+

µ�

µ+

Z 0 µ�

µ+

�

FIG. 1: Feynman diagram for the main production channel
of the Lµ � L⌧ Z0 in e+e� colliders.

Previously BABAR searched for the Z 0 in gauged Lµ�4

L⌧ model with e+e� ! Z 0(µ+µ�)µ+µ� using 514 fb-15

data and set the upper limits as a function of Z 0 mass [28].6

In this paper, we present the search for the Z 0 in the7

larger portion of the Belle data sample including improve-8

ments in the accuracy of the results due to the di↵erent9

treatment of the Initial State Radiation (ISR) e↵ect.10

EXPERIMENTAL SETUP11

The search for e�e+ ! µ+µ�[Z 0 ! µ+µ�] is per-12

formed using the following luminosities: 33.38 fb-1 taken13

at ⌥(1S) and ⌥(2S), 1.72 fb-1 at ⌥(3S), 484.12 fb-1 at14

⌥(4S), 92.46 fb-1 ⌥(5S) plus 67.27 fb-1 taken 60 MeV15

below ⌥(4S) resonance, totaling 678.95 fb-1 collected by16

the Belle detector [29, 30] at the KEKB collider [31, 32].17

A 35.53 fb-1 portion of the ⌥(4S) sample was used to18

validate the selection criteria study and later discarded19

from the analysis.20

The Belle detector surrounds the interaction point of21

KEKB [31, 32]. It is a large-solid-angle magnetic spec-22

trometer that consists of a silicon vertex detector, a 50-23

layer Central Drift Chamber (CDC), an array of aerogel24

threshold Cherenkov counters, a barrel-like arrangement25

of time-of-flight scintillation counters, and an electromag-26

netic calorimeter (ECL) comprised of CsI(TI) crystals lo-27

cated inside a superconducting solenoid coil that provides28

a 1.5 T magnetic field. An iron flux return (KLM) [29, 30]29

located outside of the coil is instrumented to detect K0
L30

mesons and identify muons.31

The advantage of a Z 0 search using its coupling to32

muons is that it is a decay with an easily observable final33

state. The number of charged tracks in the muonic Z 0 de-34

cay topology is greater than 3, which guarantees trigger35

be almost fully e�cient. In addition, the large radius of36

880 mm [33] of the Belle’s CDC (Central Drift Chamber)37

allows an excellent mass resolution and muon detection38

e�ciency in Belle.39

SELECTION CRITERIA40

The selection is optimized based on a Monte Carlo41

(MC) simulation done in two steps and on 5.23 % of42

the data, i.e., the previously mentioned 35.53 fb-1 taken43

at ⌥(4S). First, the signal events are generated for dif-44

ferent Z 0 mass hypotheses with WHIZARD [36] with and45

without ISR taken into account at ⌥(4S) center of mass46

energy. Then, the Belle detector simulation of events is47

performed by GEANT3 [34]. There were 54 mass hypothe-48

ses generated for each of the Z 0 MC samples, starting49

from mZ0 = 0.212 GeV/c2 up to mZ0 = 10.00 GeV/c250

in steps of 100 MeV/c2 up to mZ0 = 1.015 GeV/c2 and51

then in steps of 200 MeV/c2 . As for the irreducible52

background, e+e� ! µ+µ�µ+µ� is studied with a MC53

sample corresponding to a luminosity of 336 fb-1 gener-54

ated with Diag36 [35] at ⌥(4S) center of mass energy.55

We select events with four charged tracks in the final56

states, consisting of two pairs of opposite charges. To57

guarantee the events occur at the interaction point (IP),58

the tracks impact parameters with respect to the nominal59

IP have to be less than 0.2 cm transverse to, and 1.5 cm60

along, the z axis. At least two tracks are required to61

have a muon likelihood ratio greater than 0.1. The muon62

likelihood ratio is Lµ

Lµ+LK+L⇡
, Lµ, likelihood function for63

the muon identification [29] is based on the di↵erence64

between the expected and actual muon penetration in65

the KLM and the distance between its KLM hits and the66

extrapolated track. The e�ciency for selected tracks is of67

95% for muon momentum ranging from 1 to 7 GeV/c and68

slightly lower for muon momentum lower than 1 GeV/c69

or higher than 7 GeV/c.70

To reject neutral particles background, the sum of71

ECL clusters unrelated to any charged tracks with en-72

ergy greater than 30 MeV is limited to less than 20073

MeV.74

Additionally, the visible energy, Evis, calculated from75

the four muons has to be consistent with the center of76

mass energy, ECMS, so that |ECMS � Evis| < 500 MeV.77

Finally, a kinematic fit, where the initial and final state78

four momenta are constrained, is performed to increase79

the resolution of the relevant tracks, a fit quality cut is80

applied.81

As there are four possible combinations of oppositely82

charged muons in the final states, all four possible Z 0
83

candidates are considered.84

To improve the sensitivity in the low Z 0 mass re-85

gion, we introduce a reduced mass (mR), defined as86

mR =
q
m2

µ+µ� � 4m2
µPDG

, where mµµ is the invariant87

masses of Z 0 candidate and mPDG
µ is the muon mass in88

PDG, to improve the sensitivity for low Z 0 mass region.89

The reduced mass distribution is smoother than invari-90

ant mass distribution around Z 0 mass close to dimuon91

mass.92

The Z 0 reduced mass distributions from the MC back-93

Validation check: Simulation does not include ISR.
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the visible and Born cross sections for Z 0 are obtained.1

The visible cross section corresponds to:

�V =
N

LB✏ (5)

and the Born cross section is given by:

�B =
NISR

LB✏ISR(1 + �)|1�⇧|2 (6)

where 1+ � is the initial-state radiative correction factor2

and |1�⇧|2 is the vacuum polarization factor. We calcu-3

lated 1+ � using the formulae in Ref. [38] and assumed a4

cut-o↵ value corresponding to the 500 MeV di↵erence be-5

tween the initial-state and final-state masses. 1+� varies6

between 0.901 and 0.907 as a function of the square of7

the center-of-mass-energy, s. The value of |1 � ⇧(s)|2 is8

taken from Ref. [39, 40] and varies between 0.9148 and9

1.102 depending on s. Based on Eq. 5 and 6, the 90%10

C.L. upper limits on Born and visible cross sections as a11

function of mZ0 are calculated and shown in Fig. 6.12

1 10
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→
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Β×
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)
-
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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.

Limits on Coupling Constant g013

With a theoretical cross section for given mZ0 , g0 and14

c.m. energy
p
s, g02�th(

p
s), the expected number of sig-15

nal for data sample used in this analysis is given as:16

Nexp =

g2Z0"B
⇣
�⌥(4S)
th (mZ0)L⌥(4S) + �⌥(3S)

th L⌥(3S) + . . .
⌘
.

(7)

With Eq. 7, the 90% C.L. upper limit on g0 correspond-17

ing to Nexp = Nobs, is calculated and is shown in Fig. 7.18

The result excludes most of the Z 0 parameter space19

that could be related to the updated (g � 2)µ region,20

from the Muon (g � 2)µ experiment [19].21

It is shown in comparison with the CHARM-II experi-22

ment, the first measurement of the neutrino trident pro-23

duction, the reinterpretation of the Columbia-Chicago-24

Fermilab-Rochester (CCFR) results [21] and the first25

Z 0 ! µ+µ� search done by BABAR [28].26

1 10
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Belle (Born)
Belle (visible)

BABAR
CCFR
CHARM-II

σ2±
µ(g-2)

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 [28], 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], and
the green region indicates the two sigma allowed region of
the Z0 contribution to (g � 2)µ suggested by Muon g � 2
collaboration [19].

SUMMARY AND CONCLUSION27

In summary, we report the first search for a new gauge28

boson Z 0 from the Lµ � L⌧ model with the on-shell pro-29

duction of e+e� ! Z 0µ+µ�, followed by Z 0 ! µ+µ�,30

with the correct inclusion of the ISR e↵ect. Since no31

significant excess is observed, the upper limit on the32

coupling is set and the Z 0 contribution to the (g � 2)µ33

anomaly is constrained. Recently, Belle II experiment34

published the search result with Z 0 ! ⌫⌫ decay using35

276 pb-1 data [41]. The limit is still weak, however, in36

the future, Belle II will perform a stricter test for the37

region mZ0 < 2mµ [42–44].38

𝒆#𝒆$ → 𝝁#𝝁$𝒁𝑳𝝁$𝑳𝝉
" : Preliminary results

• The coupling constant 𝑔" is obtained using the Born cross section.
§ The Born cross section is calculated using the signal yield, 𝑁9-::

𝑔",

𝑔!",
=

𝜎-./0
𝜎123./4

, 𝜎-./0 =
𝑁.56

ℒ×ℬ×𝜀/37
where 𝜎;<=9>? is the theoretical cross section with coupling 𝑔*! , ℒ is the integrated
luminosity, ℬ is the branching ratio of 𝑍! → 𝜇$𝜇%, and 𝜀>=. is the reconstruction efficiency.
𝑁9-: is extracted by 𝑀@! fitting.
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that could be related to the updated (g � 2)µ region,20

from the Muon (g � 2)µ experiment [19].21

It is shown in comparison with the CHARM-II experi-22

ment, the first measurement of the neutrino trident pro-23

duction, the reinterpretation of the Columbia-Chicago-24

Fermilab-Rochester (CCFR) results [21] and the first25

Z 0 ! µ+µ� search done by BABAR [28].26
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SUMMARY AND CONCLUSION27

In summary, we report the first search for a new gauge28

boson Z 0 from the Lµ � L⌧ model with the on-shell pro-29

duction of e+e� ! Z 0µ+µ�, followed by Z 0 ! µ+µ�,30

with the correct inclusion of the ISR e↵ect. Since no31

significant excess is observed, the upper limit on the32

coupling is set and the Z 0 contribution to the (g � 2)µ33

anomaly is constrained. Recently, Belle II experiment34

published the search result with Z 0 ! ⌫⌫ decay using35

276 pb-1 data [41]. The limit is still weak, however, in36

the future, Belle II will perform a stricter test for the37

region mZ0 < 2mµ [42–44].38

90% CL upper limits on 𝑔!

90% CL upper limits on the
cross section for 𝑒$𝑒% → 𝜇$𝜇%𝑍&"%&#

!
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𝑩𝟎 → 𝚲𝝍𝐃𝐒: Introduction

September 8, 2021PANIC 2021

Ω&AℎB = 0.12 (Planck)

𝟏. 𝟓 𝐆𝐞𝐕 < 𝒎 𝝍𝐃𝐒
“Neutron stars exclude light dark baryons”

PRL 121 061802.

Dark sector
scalar baryon

Dark sector
Majorana fermion

• 𝐵-Mesogenesis: Baryogenesis and Dark
Matter from 𝐵 Mesons. PRD 99 035031.
§ ℬ 𝐵* → Λ𝜓&' +mesons > 10%C

ü From 𝐴&'
( world averages.

§ ℬ 𝐵* → Λ𝜓&' ≲ 2×10%C
ü ALEPH search at the 𝑍 peak. EPJC 19 213.

§ ATLAS & CMS: 𝑚 𝜓&' ≲ 3.5 GeV/𝑐B
ü JHEP 10 244, JHEP 02 144.

• We use 711 =b$9 of Υ 4S = 772×10: 𝐵 0𝐵.

• Signal side: 𝐵! → Λ𝜓&'
§ Reconstruct: Λ → 𝑝𝜋%

§ 1.0 GeV ≲ 𝑚 𝜓&' ≲ 4.2 GeV

• Tag side: 𝐵! → hadronic tagging.

NEW

12

𝑌 can be integrated 
out to yield an 
effective four-

fermion operator 
𝒪)* = 𝜓+,𝑏𝑢𝑠.



𝑩𝟎 → 𝚲𝝍𝐃𝐒: Event reconstruction
• No extra tracks in the event.
• 𝐵-tag cuts applied:

§ 5.27 GeV/𝑐B < 𝑀-. < 5.29 GeV/𝑐B

§ −0.06 GeV < Δ𝐸 < 0.06 GeV

• −0.88 < cos 𝜃;<66 < 0.95
• Λ selection: momentum dependent

criteria based on four parameters.
• Proton PID: ℒ=/? > 0.6, ℒ=/@ > 0.6
• Suppress continuum events:

§ Optimize a Punzi FOM: 𝑅B, cos 𝜃DEDF
§ 𝑅B: Event-based ratio of the second

to zeroth Fox-Wolfram moments.
§ cos 𝜃DEDF : The cosine of the angle

between the thrust axis of the Λ and

the thrust axis of the tagged 𝐵.

• Signal region: Based on the energy
remaining in the ECL without track
association. (We require that the
expected number of background
events ≅ 3).

• Background mostly comes from:
§ Continuum: 𝑒$𝑒% → 𝑞7𝑞 (𝑞 = 𝑢, 𝑑, 𝑠, 𝑐)
§ 𝐵 → baryon baryon + (meson).
§ In addition, small contributions from

charmonium decays.

September 8, 2021PANIC 2021 13
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𝑩𝟎 → 𝚲𝝍𝐃𝐒: Preliminary results
• No significant excess of signal is observed → upper limits are obtained.
• We calculate upper limits using a counting method (based on a Poisson

“on/off” model): 𝒪(10$A).
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90% CL upper limits on ℬ 𝐵" → Λ𝜓+,
Lower bounds on ℬ 𝐵" → Λ𝜓+,

for 𝐵-Mesogenesis. PRD 104 035028.

14



Dark sector searches: Summary

• No significant observation for dark sector.
• 𝐵! → 𝐴"𝐴" result was published in JHEP 04 191.

§ 90% CL upper limits on the branching fraction are mostly 𝒪 10%0 .  
§ Higgs portal coupling constraint versus 𝑚(ℎ!) and 𝑚(𝐴!) is obtained.

• 𝑒#𝑒$ → 𝜇#𝜇$𝑍%!$%"
" provides a limit for the 𝑍"𝑙𝑙 coupling constant.

§ The Belle result is competitive with the BaBar result.

• 𝐵! → Λ𝜓&' result is the first search for 𝐵-Mesogenesis.
§ The upper limits, 𝒪 10%2 , are by an order of magnitude better than ALEPH bounds.
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Thank you
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