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Summary 
The SuperKEKB collider. 
The Belle II detector. 
Search for:  

Z’ in invisible, 
 resonances, 

long lived particles in  
  transitions. 

Conclusions  

τ+τ−

b → s
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THE SUPERKEKB COLLIDER
Asymmetric  collider operating close to the  peak (10.58 GeV) 

Center of mass frame boost  

World record luminosity:   (  w/o Belle II data taking) 

Luminous region size: 
 

Integrated luminosity:  

In long shut-down till fall 2023 
Installation of the full PXD 
Machine improvements to    reduce the machine bkg.    and improve luminosity. 

Aiming for:      
 

e+(4 GeV )e−(7 GeV ) Υ(4S)

βγ = 0.28

4.65 × 1034 cm−2s−1 4.71 × 1034 cm−2s−1

250nm × 25μm × 250μm

427 fb−1

ℒ > 6 × 1035 cm−2s−1 = 600 nb−1/s

∫ ℒdt > 50 ab−1

2



Eugenio Paoloni TAUP 2023

THE BELLE II DETECTOR
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Tracking =

Solenoid (1.5 T)
Drift Chamber (CDC)

Vertex Detector (VXD) = {Silicon Vertex Detector(SVD)
Silicon Pixel Detector(PXD)}

Electromagnetic Calorimeter(ECL)
(γ, PID)

KL and μ = KLM

Particle Identification (π, K, p)
TOP + ARICH

∼ 7.5 m

∼ 7 m

e +(4 GeV)

e −(7 GeV)

KEK Laboratory

Tsukuba (Japan)
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BELLE II & SUPERKEKB KEY POINTS

Initial state kinematic extremely well defined: 

initial energy and momentum, interaction point (IP) 

Small cross sections for the main Physics searches  

very mild requirements on the L1 trigger event selection, e.g.: 

single muon trigger using KLM 

single photon trigger 

negligible pile-up.  

Bunch crossing ~ 250 MHz, L1 trigger rate ~ 104 cps. 

𝒪(1nb)
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SEARCH FOR Z’ IN INVISIBLE
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Phys. Rev. Lett. 130, 231801 (2023) 
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• Search for massive  vector boson with coupling to only particles having muon and tau lepton 
number (  extension of SM) 

• Could explain current muon  tension and mediate interactions between SM and dark matter 

• Search performed at Belle II via  

Z′ 

Lμ − Lτ

g − 2

e+ e− → μ+ μ− Z′ , Z′ → Invisible

e+

μ−

μ+

Z′ 

χ

χ̄

γ*

e−
Detected muons used to compute recoil 
mass that peaks for  signalZ′ 

B. Shuve and I. Yavin, Phys. Rev. D 89, 113004 (2014).  
W. Altmannshofer, S. Gori, M. Pospelov, and I. Yavin, Phys.  Rev. Lett. 113, 091801 (2014).  
W. Altmannshofer, S. Gori, S. Profumo, and F. S. Queiroz,  J. High Energy Phys. 12 (2016) 106. 

Takes advantage of capabilities 
for precision determination of 
missing energy! 

Search for Invisible  Z′ 

BF( ) ~ 33 - 100% 
BF( ) ~ 100% if kinematically allowed

Z′ → νν̄
Z′ → χχ̄

g′�
, ν

, ν

  
(Vanilla model) 

 
if kinematically 
allowed

BF(Z′� → νν) ∼ 33 − 100 %

BF(Z′� → χχ) ∼ 100 %

Our  candidate is a massive neutral vector boson mediating a new force associated to   

The interaction is described by the interaction lagrangian density (1): 

 

 

1. cfr: Phys. Rev. D 89, 113004 (2014),Phys. Rev. Lett. 113, 091801 (2014), J. High Energy Phys. 12 (2016) 106. 

Z′� Lμ − Lτ

ℒI = −
1
4 (∂μZ′�ν − ∂νZ′�μ) (∂μZ′�ν − ∂νZ′ �μ) +

1
2

m2
Z′ �Z′�μZ′�μ+

+g′�Z′�μ (μRγμμr − τRγμτr + . . . ) + g′�D (Dark Sector Particles)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231801
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EVENT SIGNATURE AND MAIN BACKGROUNDS

Event signature: two oppositely charged muons. 

Negligible activity in the calorimeter 

Missing momentum squared =   (unknown) 

Dominant background sources: 

 with the final  pair undetected 

 with leptonic  decays and missing neutrinos 

  with undetected gammas  

Key quantity: missing four momentum

M2
Z′�

e+e− → e+e−μ+μ− e+e−

e+e− → τ+τ−(γ) τ

e+e− → μ+μ−n(γ)
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Phys. Rev. Lett. 130, 231801 (2023) 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231801
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ANALYSIS STRATEGY
Online trigger:  

at least two charged tracks in the region  

transverse opening angle of the two muon candidates > 90º ,2019 (30º ,2020)  

Offline event selection: 

exactly two oppositely charged tracks identified as muons 

photon veto: ECL energy of neutral particles < 500 MeV 

missing momentum  (i.e. momentum of the Z’)  
well within the barrel ECL acceptance: 

 > 500 MeV/c 

no ECL detected photons within 15º from  
the missing momentum 

120∘ > ϑ > 37∘

⃗p miss.

| ⃗pt
miss. |
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Phys. Rev. Lett. 130, 231801 (2023) 

ϑ μ
= 37∘

ϑμ
= 120∘ϑZ′�=

123∘

ϑ Z′�=
30∘

ϑ Z′�=
89∘

ϑ Z′�=
91∘

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231801
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ANALYSIS RESULTS
Data-set 2019-2020:  = 79.7 fb-1 

Neural network to further suppress tau bkg. 

Overall efficiency ~ 5% 

No excess observed for 

∫ ℒdt

M2
recoil < 80 GeV2/c4

8

after observing a large data-simulation disagreement in the
signal region compatible with photon-veto inefficiency. The
photon-veto inefficiencies measured with the ee control
sample are used to correct the expected μμ background.
We estimate systematic uncertainties on the signal

efficiency and on the signal and background template
shapes. The uncertainties on the template shapes independ-
ently affect each of the bins contained within the templates.
Uncertainties in selection efficiencies due to data-

simulation mismodeling are studied by comparing data
and simulation in the μμγ and eμ control samples in three
M2

recoil ranges: ½−0.5; 9", [9,36], ½36; 81" GeV2=c4. The two
control samples provide complementary coverage of the
M2

recoil range, with μμγ addressing the lower region and eμ
covering the higher. Systematic uncertainties due to data-
simulation mismodeling in the trigger, luminosity, tracking
efficiency, muon identification, background cross sections,
and effect of the selections are collectively evaluated
through data-simulation comparison before the application
of the Punzi-net. Systematic uncertainties due to the Punzi-
net selection-efficiency differences in data and simulation
are evaluated by studying its efficiencies, as they are
indicators of the performances for the signal-like background
component. The differences from unity of the data-to-
simulation ratios of event yields before the Punzi-net
application and of the Punzi-net efficiencies in the three
M2

recoil ranges are summed in quadrature and found to be 2.7,
6.5, and 8.3%, respectively. These differences are assigned as
systematic uncertainties on the signal efficiency.
The recoil mass resolution is studied using the μμγ

sample. The width of theM2
recoil distribution is 8% larger in

data than in simulation. This translates to a systematic
uncertainty of 10% on the signal template shape.
Systematic uncertainties due to background shapes are

evaluated using the μμγ and eμ samples. We compute the
standard deviation of the bin-by-bin data-to-simulation
ratios of the number of events for each search window.
To be conservative, we assign twice the largest of these
standard deviations in each of the threeM2

recoil ranges as an
uncertainty for the shape in the respective M2

recoil ranges.
We use the μμγ control sample forM2

recoil up to 56 GeV2=c4

and the eμ control sample above. The resulting uncertain-
ties are 3.2, 8.6, and 25% in the three M2

recoil ranges.
Uncertainties on the background template shape from the

photon-veto inefficiency are studied using the ee control
sample and are on average 34% for M2

recoil < 1 GeV2=c4,
decreasing to 5% above 1 GeV2=c4. We assign a systematic
uncertainty of 1% to themeasured integrated luminosity [27].
The observed and expected M2

recoil distributions are
shown in Fig. 1. We find no significant excess of data
above the expected background. The χ2 value describing
the goodness of the two-dimensional fit is acceptable for
each test Z0 mass with the largest incompatibility corre-
sponding to a p value of 0.05. The largest local significance

is 2.8σ for MZ0 ¼ 2.352 GeV=c2. The global significance
of this excess after correcting for the look-elsewhere
effect [47] is 0.7σ.
The 90% C.L. upper limits on the cross section for the

process eþ e− → μþ μ−Z0 with Z0 invisible, σðeþ e− →
μþ μ−Z0; Z0 → invisibleÞ ¼ σðeþ e− → μþ μ−Z0Þ × BðZ0 →
invisibleÞ, are shown in Fig. 2 as functions ofMZ0 , alongwith
the 1σ and 2σ bands of expected limits (the median limits
from background-only simulated samples). We set upper
limits as small as 0.2 fb. In addition, we show upper limits for
the benchmark scenario in which we assume non-negligible
ΓZ0 . Our upper limits are dominated by statistical uncertain-
ties for MZ0 < 6 GeV=c2, where systematic uncertainties
degrade them by less than 5%. Above 6 GeV=c2, upper
limits are dominated by systematic uncertainties (mainly due
to background shapes), degrading them by about 40%.
Cross section results are translated into 90% CL upper

limits on the coupling g0. In both fully invisible and vanilla

FIG. 1. Squared recoil mass spectrum of the μþ μ− sample,
compared with the stacked contributions from the various
simulated background samples normalized (for illustrative pur-
poses) to the integrated luminosity.

FIG. 2. Observed 90% C.L. upper limits on the cross section
σðeþ e− → μþ μ−Z0; Z0 → invisibleÞ as functions of the Z0 mass
for the cases of negligible ΓZ0 and for ΓZ0 ¼ 0.1MZ0. Also shown
are previous limits from Belle II [26].
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models, we focus on the direct-search results and do not
show constraints obtained from reanalyses of data from
neutrino experiments [7,48,49].
Figure 3 presents limits in the fully invisible Lμ − Lτ

model for the cases of negligible and non-negligible ΓZ0 .
For the case of negligible ΓZ0 , these constraints hold for
MZ0 ≲ 6.5 GeV=c2. Above this mass, there is no value of
αD that produces both a negligible width and
BðZ0 → χχ̄Þ ≈ 1, given the values of g0 being probed.
Numerical values in Fig. 3 can still be used, but need to
be rescaled by 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðZ0 → χχ̄Þ

p
, which depends on αD. We

also show limits from NA64-e [25] and the previous Belle
II search [26]. Our results are world-leading for direct
searches of Z0 with masses above 11.5 MeV=c2. They are
the first direct-search results to exclude at 90% C.L. the
fully invisible-Z0 model as an explanation of the ðg − 2Þμ
anomaly for 0.8 < MZ0 < 5.0 GeV=c2.
Figure 4 presents limits in the vanilla Lμ − Lτ model.

Our results are world leading for direct searches of Z0 in the
mass range 11.5 to 211 MeV=c2. More stringent limits are
from NA64-e [26] below 11 MeV=c2 and from Belle [22],
BABAR [21], and CMS [23] searches for Z0 → μþ μ−

above 211 MeV=c2.
Additional plots, including indirect constraints from

neutrino experiments and detailed numerical results, are
provided in the Supplemental Material [50].
In summary, we search for an invisibly decaying Z0

boson in the process eþ e− → μþ μ−Z0 using data corre-
sponding to 79.7 fb−1 collected by Belle II at SuperKEKB
in 2019–2020. We find no significant excess above the
expected background and set 90% C.L. upper limits on the

coupling g0 ranging from 3 × 10−3 at low Z0 masses to 1 for
a mass of 8 GeV=c2. These are world-leading direct-search
results for Z0 masses above 11.5 MeV=c2 in the fully
invisible Lμ − Lτ model and for masses in the range 11.5 to
211 MeV=c2 in the vanilla Lμ − Lτ model. These limits are
the first direct-search results excluding a fully invisible-
Z0-boson model as an explanation of the ðg − 2Þμ anomaly
for 0.8 < MZ0 < 5.0 GeV=c2.

We thank Andreas Crivellin for useful discussions during
the preparation of this manuscript. This work, based on data
collected using the Belle II detector, which was built and
commissioned prior to March 2019, was supported by the
Science Committee of the Republic of Armenia Grant
No. 20TTCG-1C010; Australian Research Council and
research Grants No. DE220100462, No. DP180102629,
No. DP170102389, No. DP170102204, No.
DP150103061, No. FT130100303, No. FT130100018,
and No. FT120100745; Austrian Federal Ministry of
Education, Science and Research, Austrian Science Fund
No. P 31361-N36 and No. J4625-N, and Horizon 2020 ERC
Starting Grant No. 947006 “InterLeptons”; Natural Sciences
and Engineering Research Council of Canada, Compute
Canada and CANARIE; Chinese Academy of Sciences and
Research Grant No. QYZDJ-SSW-SLH011, National
Natural Science Foundation of China and Research
Grants No. 11521505, No. 11575017, No. 11675166,
No. 11761141009, No. 11705209, and No. 11975076,
LiaoNing Revitalization Talents Program under Contract
No. XLYC1807135, Shanghai Pujiang Program under Grant
No. 18PJ1401000, and the CAS Center for Excellence in
Particle Physics (CCEPP); the Ministry of Education, Youth,
and Sports of the Czech Republic under Contract

FIG. 3. Observed 90% C.L. upper limits on the coupling g0 for
the fully invisible Lμ − Lτ model as functions of the Z0 mass for
the cases of negligible ΓZ0 and for ΓZ0 ¼ 0.1MZ0. Also shown are
previous limits from NA64-e [25] and Belle II [26] searches. The
red band shows the region that explains the measured value of
the muon anomalous magnetic moment ðg − 2Þμ % 2σ [2]. The
vertical dashed line indicates the limit beyond which the
hypothesis BðZ0 → χχ̄Þ ≈ 1 is not respected in the negligible
ΓZ0 case.

FIG. 4. Observed 90% C.L. upper limits on the coupling g0 for
the vanilla Lμ − Lτ model as functions of the Z0 mass. Also
shown are previous limits from Belle II [26] and NA64-e [25]
searches for invisible Z0 decays, and from Belle [22], BABAR
[21], and CMS [23] searches for Z0 decays to muons (at 95%
C.L.). The red band shows the region that explains the muon
anomalous magnetic moment ðg − 2Þμ % 2σ [2].
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SEARCH FOR  RESONANCE IN τ+τ− e+e− → μ+μ−τ+τ−

A pair of oppositely charged muons 

A pair of oppositely charged tau  1 prong 

Missing energy and missing momentum 
from the neutrinos 

The four momentum of the X (Z’,S or ALP) 
is: 

  

No peaking structure observed on the  
spectrum

→

pX = pe+ + pe− − pμ+ − pμ−

p2
X
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Search for  resonance in ττ e+ e− → μμττ

• Selects taus decaying via  or  

• Event signature is four tracks with missing energy 

• Muons used to compute recoil mass that peaks for signal 

• No significant excess observed in 62.8 fb-1 

• Cross section limits for  translated to 
limits on leptophilic scalar and ALP mediator interpretations

τ− → ℓ−νν τ− → π−νnπ0

e+ e− → X( → τ+ τ−)μ+ μ−

e+

μ−

μ+
τ+

γ*
e−

6

overlap between the fit intervals induces an oscillatory
behaviour. The resulting upper limits are dominated
by sample size, with systematic uncertainties worsening
them on average by 1% compared to the case in which
they are neglected.

The cross-section results are translated into upper lim-
its on the coupling constant g0 of the Lµ�L⌧ model [46],
on the coupling strength ⇠ of the leptophilic scalar S, and
on the coupling |C``|/⇤ for an ALP decaying to leptons:
values as low as 2.5⇥10�2, 51, and 200 TeV�1 are found,
respectively. The last two are shown in Fig. 4 as func-
tions of the resonance mass. For the leptophilic scalar
model, we constrain the coupling ⇠ to be smaller than
approximately 200 for masses above 6.5 GeV/c2, which
are the first results in that region. For the model with
the ALP decaying to leptons, these are the first results
for the ALP-⌧ coupling.

Figure 3. Observed 90% CL upper limits and corresponding
expected limits on the cross section for the process e+e� !
X (! ⌧+⌧�) µ+µ� with X = Z0, S,ALP as functions of the
X resonance mass. The inset shows a magnification of the
region above 9 GeV/c2.

In summary, we search for a resonance decaying to
⌧+⌧� in e+e� ! µ+µ�⌧+⌧� events in a data sample
of e+e� collisions at 10.58 GeV collected by Belle II in
2019–2020, corresponding to an integrated luminosity of
62.8 fb�1. We find no significant excess above the back-
ground and set upper limits on the cross section, rang-
ing from 0.7 fb to 24 fb, for masses between 3.6 and
10 GeV/c2. We derive exclusion limits on the couplings
for three different models: the Lµ � L⌧ model; a lep-
tophilic scalar model, for which we probe for the first
time masses above 6.5 GeV/c2; and a model with an ALP
decaying to leptons, for which we set world-leading limits
over the entire mass range considered.

We thank Andrea Thamm for helpful conversations on
the axion-like particle.

This work, based on data collected using the
Belle II detector, which was built and commis-

Figure 4. Observed 90% CL upper limits and corresponding
expected limits as functions of mass on (top) the leptophilic
scalar coupling ⇠, and on (bottom) the ALP coupling to lep-
tons |C``|/⇤ in the hypothesis of equal couplings to the three
lepton families and zero couplings to all other particles. Also
shown are (top) constraints for S decaying in electrons or
muons from a BABAR search [25] and (bottom) constraints for
an ALP decaying to leptons from a reinterpretation [17, 18]
of BABAR searches. The red band in the top plot shows the
region that explains the muon anomalous magnetic moment
(g � 2)µ ± 2�.

sioned prior to March 2019, was supported by Sci-
ence Committee of the Republic of Armenia Grant
No. 20TTCG-1C010; Australian Research Council and
research Grants No. DP200101792, No. DP210101900,
No. DP210102831, No. DE220100462, No. LE210100098,
and No. LE230100085; Austrian Federal Ministry of
Education, Science and Research, Austrian Science
Fund No. P 31361-N36 and No. J4625-N, and Horizon
2020 ERC Starting Grant No. 947006 “InterLeptons”;
Natural Sciences and Engineering Research Council
of Canada, Compute Canada and CANARIE; Na-
tional Key R&D Program of China under Contract
No. 2022YFA1601903, National Natural Science Foun-
dation of China and research Grants No. 11575017,
No. 11761141009, No. 11705209, No. 11975076,
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SEARCH FOR LONG LIVED PARTICLES IN  TRANSITIONSb → s

Search for a long lived (Pseudo) Scalar 
particle S ( ) 
decaying inside the tracking volume in 

 

S is produced by the decay  or 
  

No excess found in 189 fb-1 , limits are set

100 cm > cτ > 10 μm

e+e−, μ+μ−, π+π−, K+K−

B+ → K+S
B0 → K *0 S
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 arXiv:2306.02830Search for long-lived particles in b →s transitions 

● Search for long-lived (pseudo) scalar particle decaying inside Belle II
● Explore B+ →K+ X and B0 →K*0 X  b →s transitions with X decaying into e+e-, 

μ+μ-, π+π- and K+K- 
● No excess, limits are set. First limits for final states with hadrons. 
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pseudo-experiments and add an uncertainty of 3% to the
signal e�ciency to account for a small bias in the inde-
pendent fits; the uncertainty is 4% for the combined fit.
We also include systematic uncertainties due to di↵er-
ences between simulation and data that a↵ect the signal
model. For this we correct the di↵erence between sim-
ulation and data of the signal pdf parameters using a
large K0

S control sample and assign the full di↵erence be-
tween simulation and data as a systematic uncertainty.
The typical total uncertainty is around 15% for the signal
width and around 10% for the tail parameters.

The local significance S of the signal for a given
mass and lifetime hypothesis is given by S =p

2(logL� logLbkg), where L is the maximum likeli-
hood for the full fit and Lbkg is the maximum likelihood
for a fit to the background-only hypothesis.

Figure 2: Upper limits (95% CL) on the product of branching
fractions B(B+ ! K+S)⇥ B(S ! x+x�) (left) and B(B0 !
K⇤0(! K+⇡�)S) ⇥ B(S ! x+x�) (right) as functions of
scalar mass mS for c⌧ = 1 cm (green), c⌧ = 10 cm (orange),
and c⌧ = 50 cm (lavender). The region corresponding to the
fully-vetoed K0

S for S ! ⇡+⇡� is marked in gray.

The largest local significance for the model-
independent search is 3.6�, including systematic
uncertainties, found near mS = 1.061 GeV/c2 for
K+⇡+⇡� for a lifetime of c⌧ = 0.05 cm. Taking into
account the look-elsewhere e↵ect [42], this excess has a
global significance of 1.0�. By dividing the signal yield

by the signal e�ciency and NBB̄ , we obtain the products
of branching fractions B(B+ ! K+S) ⇥ B(S ! x+x�)
and B(B0 ! K⇤0(! K+⇡�)S) ⇥ B(S ! x+x�). To
convert the latter to upper limits on the product of
branching fractions B(B0 ! K⇤0S) ⇥ B(S ! x+x�),
the limits are multiplied by 3/2 [43]. We compute the
95% confidence level (CL) upper limits [44] as functions
of scalar mass mS using a one-sided modified frequentist
CLS method [45] with asymptotic approximation [46].
The observed upper limits are shown in Fig. 2. Sys-
tematic uncertainties weaken the limits by about 2%
for light S and large lifetime; for heavier S or short
lifetimes, the reduction is less than 1%.

The largest local significance for the combined scalar
and ALP fit is 3.3�, including systematic uncertain-
ties, found near mS = 2.619GeV/c2 for a lifetime of
c⌧ = 100 cm; the global significance is 0.3�. For each
scalar or ALP mass hypothesis, we determine the value
of sin ✓ or fa such that the resulting predicted prod-
uct of branching-fraction ratios equals the 95% excluded
branching fraction. The observed upper limit on sin ✓
is shown in Fig. 3. The limit is the most constraining to
date around mS ⇡ 0.3 GeV/c2. The observed upper limit
on fa, as well as additional plots and detailed numerical
results can be found in the supplemental material [33].

Figure 3: Exclusion regions in the plane of the sine of
the mixing angle ✓ and scalar mass mS from this work
(blue) together with existing constraints from LHCb [10, 11],
KTeV [12], E949 [13], CHARM [14], PS191 [15], NA62 [16, 17]
BABAR [19], MicroBooNE [18], and L3 [47]. The exclusion re-
gions from Belle II, LHCb, CHARM, and MicroBooNE cor-
respond to 95%CL, while PS191, KTeV, E949, NA62, and
BABAR correspond to 90% CL. Constraints colored in gray
with dashed outline are reinterpretations not performed by
the experimental collaborations.

In conclusion, we report the first Belle II search for
long-lived particles. We search for a long-lived spin-0
mediator S in B-meson decays mediated by a b ! s tran-
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CONCLUSIONS

The clean environment of Belle II together with  
a large amount of data, good detector performance,  
dedicated and talented people make the Belle II experiment an 
ideal place for the study of the Dark Sector. 

No excess still observed, new competitive limits are set 

The long shut down is ending and a larger data set together 
with an improved detector is on the way. 

Stay tuned for more to come.
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CAVEAT EMPTOR (HOT FROM THE PRESS)
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Run !a/2⇡ [Hz] !̃
0
p/2⇡ [Hz] R0

µ ⇥ 1000
Run-1 3.7073004(17)
Run-2 229077.408(79) 61790875.0(3.3) 3.7073016(13)
Run-3a 229077.591(68) 61790957.5(3.3) 3.7072996(11)
Run-3b 229077.81(11) 61790962.3(3.3) 3.7073029(18)
Run-2/3 3.70730088(79)
Run-1/2/3 3.70730082(75)

TABLE II. Measurements of !a, !̃
0
p, and their ratios R0

µ mul-
tiplied by 1000. The Run-1 value has been updated from [1]
as described in the text.

FIG. 3. Experimental values of aµ from BNL E821 [8], our
Run-1 result [1], this measurement, the combined Fermilab re-
sult, and the new experimental average. The inner tick marks
indicate the statistical contribution to the total uncertainties.
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We present a new measurement of the positive muon magnetic anomaly, aµ ⌘ (gµ � 2)/2, from
the Fermilab Muon g�2 Experiment based on data collected in 2019 and 2020. We have analyzed
more than four times the number of positrons from muon decay than in our previous result from
2018 data. The systematic error is reduced by more than a factor of two due to better running
conditions, a more stable beam, and improved knowledge of the magnetic field weighted by the muon
distribution, !̃0

p, and of the anomalous precession frequency corrected for beam dynamics e↵ects,
!a. From the ratio !a/!̃

0
p, together with precisely determined external parameters, we determine

aµ = 116 592 057(25) ⇥ 10�11 (0.21 ppm). Combining this result with our previous result from the
2018 data, we obtain aµ(FNAL) = 116 592 055(24) ⇥ 10�11 (0.20 ppm). The new experimental
world average is aµ(Exp) = 116 592 059(22) ⇥ 10�11 (0.19 ppm), which represents a factor of two
improvement in precision.

We report a new measurement of the muon magnetic
anomaly using data collected in 2019 (Run-2) and 2020
(Run-3) by the Muon g�2 Experiment at Fermilab. The
data constitute a fourfold increase in detected positrons
compared to our previous measurement (Run-1) [1–4].
Analysis and run condition improvements also lead to
more than a factor of two reduction in the systematic un-
certainties, surpassing the experiment’s design goal [5].

Our Run-1 publications describe the principle of
the experiment, previous results, and experimental de-
tails [1–4]. The experiment uses 3.1 GeV/c polarized
muons produced at the Fermilab Muon Campus [6].
Muons are injected into a 7.112 m radius storage ring that
was moved, and significantly upgraded, from the BNL
experiment [7, 8]. Two key components of the storage
ring are kicker magnets that direct the injected muons
onto the central orbit of the storage ring [9] and electro-
static quadrupoles (ESQs) that provide vertical focusing
of the stored beam [10]. The anomalous spin precession
frequency !a—the di↵erence between the muon spin pre-
cession frequency and the cyclotron frequency—is mea-
sured by recording the time dependence of the number
of high-energy positrons detected in a series of calorime-
ters located on the inner radius of the storage ring [11].
The magnetic field is mapped every few days using a
trolley instrumented with Nuclear Magnetic Resonance
(NMR) probes [12]. The probes are calibrated against a
retractable water-based cylindrical probe [13] to express
the magnetic field weighted by the muon spatial distri-
bution in terms of the precession frequency of shielded
protons in a spherical sample !̃

0
p, for which the relation

between precession frequency and magnetic field is pre-
cisely known. Changes in the field between trolley mea-

surements are tracked using NMR probes embedded in
the vacuum chamber walls above and below the muon
storage volume [3]. Dedicated instrumentation is used
to measure transient magnetic fields caused by the puls-
ing of the kickers and ESQs. The spatial distribution of
the muon beam within the storage ring as a function of
time since injection is inferred from positron trajectories
recorded using two tracking detectors [14].

We incorporated major instrumental improvements
with respect to Run-1. Resistors in the high voltage
feedthroughs for the ESQ system that were damaged in
Run-1 were replaced before Run-2. This upgrade greatly
improved transverse beam stability. Thermal insulation
was added to the storage ring magnet before Run-2 to
remove diurnal temperature variations. Increased cool-
ing power and improved air circulation in the experimen-
tal hall installed before Run-3 reduced seasonal temper-
ature variations. The magnitude and reliability of the
kicker field were improved between Run-1 and Run-2,
and again within Run-3. Due to these improvements,
the data are analyzed in three sets, Run-2, Run-3a, and
Run-3b. A full description of the hardware upgrades, op-
erating conditions and analysis details will be provided
in an in-depth paper currently in preparation.

The data are blinded by hiding the true value of the
calorimeter digitization clock frequency. This blinding
factor is di↵erent for Run-2 and Run-3.

We obtain the muon magnetic anomaly from [15]

aµ =
!a

!̃0
p(Tr)

µ
0
p(Tr)

µe(H)

µe(H)

µe

mµ

me

ge

2
, (1)

where this experiment measures two frequencies to
form the ratio R0

µ = !a/!̃
0
p(Tr), where Tr = 34.7 �C is


