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• Belle II is a multipurpose detector 
at the SuperKEKB asymmetric 
e+e− collider, located at KEK in 
Tsukuba, Japan 

• Latest in a series of experiments 
operating near the ϒ(4S) 
resonance. Aims to collect 50x 
larger samples than its 
predecessor Belle 

• Core physics program is precision measurements and search for rare 
processes in weak decays of bottom mesons, but unique capabilities 
also in charm, τ, dark sector, hadron spectroscopy, soft QCD

A flavorful experiment
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[Prog. Theor. Exp. Phys. 2019 123C01, 2207.06307]

Tsukuba

https://arxiv.org/abs/1808.10567
https://arxiv.org/abs/2207.06307


KL & μ Detector (KLM) 
Resistive Plate Counter 
  (barrel outer layers),  
Scintillator + WLSF + MPPC 
  (end-caps, inner 2 barrel layers)

7.
1 

m

7.4 m

electrons (7 GeV)

Particle Identification 
Time-of-Propagation counter (iTOP, barrel),   
Proximity focusing Aerogel Cherenkov Ring Imaging detector (forward)

EM calorimeter 
CsI(Tl), waveform 
sampling electronics 
(barrel+endcaps) + 
precise timing

Vertex Detector 
PXD: 2 layers DEPFET Si pixels 
SVD: 4 layers double-sided Si strips

Central Drift Chamber 
He(50%):C2H6(50%), 
small cells, long lever 
arm, fast electronics

positrons (4 GeV)

SC solenoid 
1.5 T B field

The detector
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Status

• During Run 1, collected ~427 fb–1 of 
good data, of which: 

• ~364 fb–1 taken at √s ≈ 10.58 GeV, 
corresponding to the mass of the 
Y(4S), which dominantly decays to 
BB̄ 

• ~43 fb–1 taken 60 MeV below the 
Y(4S) peak, for continuum qq̄ 
background studies 

• ~20 fb–1 taken around 10.75 GeV, 
for exotic hadron searches 

• Sample size equivalent to BaBar’s and 
to ~50% of Belle’s
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LS1Run 1

• Run 2 just started after 1.5 years of 
shutdown (LS1) 

• Accelerator upgraded to mitigate beam 
instabilities and increase luminosity 

• Detector upgraded too with fully 
instrumented 2nd layer of pixel 
detector



Physics output

• Production of physics results 
with Run 1 data at full steam 

• Many competitive or 
world-leading/unique 

• Belle II sensitivity and reach per unit data significantly 
superior to predecessors in most areas 

• I’ll show today some recent examples that (in my opinion) 
confirm the unique potential of the Belle II physics program
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[Full list of Belle II publications]
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Non-BB̅ physics



τ-lepton as beyond-SM probe

• Unique laboratory to study weak 
interaction: being third-generation makes it 
particularly sensitive to beyond-SM 

• Example: any observation of lepton-flavor 
violation in τ→3μ, τ→μγ, τ→𝓁φ etc. would 
indicate new physics 

• New Belle II result on τ→3μ: data 
consistent with background-only 
expectation 

• World-best limit BF <1.9×10–8 @90% CL 

• Competition from LHCb (<4.1×10–8) and 
CMS (<2.9×10–8)
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Figure 5: Comparison between data (black points with error bars) and simulation for the
M3µ and �E3µ variables. Events correspond to the entire black rectangle shown in Fig. 4.
The di↵erent simulated background processes are shown as color-filled histograms, while
the signal is shown as a blue line with an arbitrary scale. The statistical uncertainties are
displayed as hatched areas.

Using the alternative one-prong tagging reconstruction, zero events are observed in337

the signal region. This corresponds to a branching fraction of B(⌧� ! µ�µ+µ�) =338

(�3.7+1.9
�0.2 ± 0.1) ⇥ 10�9, where the first uncertainty is statistical and the second one is339

systematic. The small statistical uncertainty is coming from the fact that the number340

of expected background events is derived from simulation. The corresponding limit is341

2.0⇥ 10�8 at 90% C.L.342

6 Summary343

We present a search for the LFV decay ⌧� ! µ�µ+µ� using 424 fb�1 of data collected344

by the Belle II experiment. Using a novel inclusive-tagging reconstruction followed by345

a BDT-based selection, the e�ciency is higher by a factor of 2.5 than the latest Belle346

analysis [10] and 37% higher than a one-prong tagging reconstruction performed on the347

same Belle II dataset. We observe one event in the signal region, which corresponds348

to a branching fraction of B(⌧� ! µ�µ+µ�) = (3.1+8.7
�3.6 ± 0.1) ⇥ 10�9, where the first349

uncertainty is statistical and the second one systematic. The observed (expected) limit at350

90% C.L. computed in a frequentist approach is 1.9 (1.8) ⇥10�8, which is more restrictive351

than the previous lowest limit.352
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[2405.07386]

https://arxiv.org/abs/2405.07386


Géraldine Räuber                                      Recent  and dark-sector results at Belle II             21st Conference on Flavor Physics and CP Violation (FPCP 2023)                                                           τ 7

Search for invisibly decaying  bosonZ′�

[1] Phys. Rev. D 89, 113004 (2014), JHEP 1612 (2016) 106

[2] Phys. Rev. D 101, 095006
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Figure 4 presents limits in the vanilla Lµ � L⌧ model.
Our results are world-leading for direct searches of Z 0

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 Z 0 !
µ+µ� above 211 MeV/c2.

Additional plots, including indirect constraints from
neutrino experiments and detailed numerical results, are
provided in the Supplemental Material [50].

FIG. 2: Observed 90% CL upper limits on the cross sec-
tion �(e+e� ! µ+µ�Z0, Z0 ! invisible) as functions of the
Z0 mass for the cases of negligible �Z0 and for �Z0 = 0.1MZ0 .
Also shown are previous limits from Belle II [26].

FIG. 3: Observed 90% CL upper limits on the coupling g0 for
the fully invisible Lµ�L⌧ model as functions of the Z0 mass for
the cases of negligible �Z0 and for �Z0 = 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 (g � 2)µ ±
2� [2]. The vertical dashed line indicates the limit beyond
which the hypothesis B(Z 0 ! ��̄) ⇡ 1 is not respected in the
negligible �Z0 case.

In summary, we search for an invisibly decaying Z 0

boson in the process e+e� ! µ+µ�Z 0 using data corre-

FIG. 4: Observed 90% CL upper limits on the coupling g0

for the vanilla Lµ � L⌧ 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% CL). The red band shows the region that explains
the muon anomalous magnetic moment (g � 2)µ ± 2� [2].

sponding to 79.7 fb�1 collected by Belle II at SuperKEKB
in 2019–2020. We find no significant excess above the ex-
pected background and set 90% CL upper limits on the
coupling g0 ranging from 3⇥ 10�3 at low Z 0 masses to 1
for a mass of 8 GeV/c2. These are world-leading direct-
search results for Z 0 masses above 11.5 MeV/c2 in the
fully invisible Lµ�L⌧ model and for masses in the range
11.5 to 211 MeV/c2 in the vanilla Lµ �L⌧ model. These
limits are the first direct-search results excluding a fully-
invisible-Z 0-boson model as an explanation of the (g�2)µ
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 Science Committee of the Republic
of Armenia Grant No. 20TTCG-1C010; Australian Re-
search 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

“Fully invisible”  modelLμ − Lτ

Vector portal  
• Massive gauge boson coupling only to the 2nd and 3rd generations of leptons (  model) [1]

First direct invisible decays search 
• Process:  with invisible


• “Vanilla”  model: 


• “Fully invisible”  model: 

Lμ − Lτ

e+e− → μ+μ−Z′ � Z′� →
Lμ − Lτ ℬ(Z′� → νν̄) ∼ 33 − 100 %

Lμ − Lτ ℬ(Z′� → χχ̄) ≈ 100 %
Event signature and measurement 
• Search for a peak in  (invariant mass of system recoiling from )


• Three dominant radiative QED processes: ,  
and 

• Suppressed with a NN simultaneously trained for all  masses [2]


• Signal yield extraction: 2D fit in  and 

Corrections and systematics 
• Use of control samples to derive systematics and corrections

Result  
• No significant excess observed in  fb 

• 90% CL upper limits on  and on 

Mrecoil μ+μ−

e+e− → μ+μ−(γ) e+e− → τ+τ−(γ)
e+e− → e+e−μ+μ−

Z′�
M2

recoil θCMS
recoil

79.7 −1

σ(e+e− → μ+μ−Z′�, Z′ � → invisible) g′�

b s
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• It is plausible for dark matter to 
interact with the SM particles only 
via weakly coupled mediators 

• Belle II has unique reach for 
mediators with masses <10 GeV/c2

Light dark-sector searches
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Figure 13: Observed 90% confidence level upper limits and
corresponding expected limits on the cross sections for the
processes e+e� ! µ+µ� X with X ! µ+µ�, X = Z0, S, as
functions of the Z0 mass (top) and S mass (bottom).

ation of the signal efficiency that takes into account all
the experimental details.

This work, based on data collected using the Belle
II detector, which was built and commissioned prior to
March 2019, was supported by Higher Education and
Science Committee of the Republic of Armenia Grant
No. 23LCG-1C011; 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 Founda-
tion of China and Research Grants No. 11575017,
No. 11761141009, No. 11705209, No. 11975076,
No. 12135005, No. 12150004, No. 12161141008, and
No. 12175041, and Shandong Provincial Natural Science
Foundation Project ZR2022JQ02; the Czech Science

1 10
]2c[GeV/Z'm

4−10

3−10

2−10

1−10

1

 U
L 

on
 g

'

Belle II preliminary
-1 L dt = 178 fb∫

Trident

Charm-II (95% CL)

CL)
CCFR (95%σ 2± 

µ(g-2)

BaBar

Belle
CMS (95% CL)

Belle II (invisible)

90% CL UL   σ 1± Expected UL 
 σ 2± Expected UL 

1 10
]2c[GeV/Sm

4−10

3−10

2−10

1−10

1

S
 U

L 
on

 g

Belle II preliminary
-1 L dt = 178 fb∫

σ 2± 
µ(g-2)

90% CL UL   σ 1± Expected UL 
 σ 2± Expected UL 

Figure 14: Observed 90% CL upper limits and corresponding
expected limits on (top) the Lµ � L⌧ model coupling g0 and
on (bottom) the muonphilic scalar model coupling gS . Also
shown in the top panel are constraints from Belle II [22, 23]
for invisible Z0 decays, and from BaBar [19], Belle [20], and
CMS [21] (95% CL) searches for Z0 decays to muons, along
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panel shows the region that explains the muon anomalous
magnetic moment (g � 2)µ ± 2�.
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[2403.02841] 
(to appear in PRD)

Z’

µ+, ν̄, 𝜒̄ , …

µ–, ν, 𝜒, …

Z’→invisible in Lμ – Lτ model

[PRL 130 (2023) 231801]
Z’→µ+µ– in Lμ – Lτ model

https://arxiv.org/abs/2403.02841
https://arxiv.org/abs/2212.03066


Constraining HVP for aµ = (g–2)µ/2
• Experimental measurement of the anomalous magnetic moment of the muon shows 

a longstanding discrepancy with the SM prediction: aµ(exp) – aµ(SM) ~ 25×10–10 

 

 

 

 

 

• SM prediction dominated by contribution from the hadron vacuum polarization (HVP) 
amplitudes, which can be constrained with cross-section measurements of 
e+e−→hadrons 

• Discrepancies between different measurements of e+e−→hadrons, and between 
calculations based on dispersion relations and lattice QCD, demand additional 
experimental inputs 

• Belle II can help clarifying the picture with precise measurements of 
e+e−→hadrons in a wide range of energies using events with initial-state radiation

9

Schwinger calculated the first order 
correction to 𝒂𝝁 in the 1940’s

𝒂 ≡
𝒈 − 𝟐

𝟐 →
𝜶

𝟐𝝅

9/14/2023 Josh LaBounty | Muon g-2 Run-2/3 Result | BNL Particle Physics Seminar8

Theoretical Calculation

T. Aoyama et. al. The anomalous magnetic moment of the muon in the Standard Model (2020). 

Tree Level QED HVP HLBL Electroweak

Source Value (× 10−11) Error (× 10−11) Error (ppb)

Schwinger 116140973.30 - -

QED 116584718.93 0.1 0.9

HVP*** 6845 40 343

HLbL 92 18 154

EW  153.6 1.0 8.6

Total 116,591,810 43 368

?

New Physics?

(2020 White Paper)

𝑔 = 2  1 + .00116 … + .00000006845 … +  .00000000092 … +  .000000001536 … + 𝒪 100 ∗ 10−11  



Cross section of e+e−→π+π–π0

• σ(e+e−→π+π–π0) is the second-largest contribution (~7%) to 
the HPV term in aµ 

• Most relevant is the cross section below 1 GeV, around 
the ω resonance 

• Belle II measurement is 5-10% higher than previous results 
• If used to predict the HPV contribution, it would reduce 

the tension with the aµ(exp) by ~10%
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ulation is 6.5MeV/c2 at the ! resonance. The detector
resolution is comparable to the width of the ! and �
resonances.

Unfolding transforms a measured spectrum into a gen-
erated spectrum based on a transfer matrix Aij . The
matrix Aij , which describes the number of events gen-
erated in the jth M(3⇡) bin and reconstructed in the
ith M(3⇡) bin, is obtained from the simulated sample
shown in Fig. 19. The IDS method allows the unfolding
of structures that are not modeled in the simulation and
avoids fluctuations from the background subtraction.

Before performing the unfolding procedure, we evalu-

ate potential data-simulation di↵erences in the transfer
matrix resulting from an incomplete simulation of the
mass resolution and momentum or energy scale since
the IDS method does not compensate for these di↵er-
ences. We assess these di↵erences by fitting the signal-
only 3⇡ mass spectrum in data using a model that in-
cludes the transfer matrix, the simulated distribution,
and a Gaussian smearing term to represent a possible
shift in the measured mass and a degradation of the reso-
lution in data. In the ! and � resonance regions, the sim-
ulated spectrum convolved with a single Gaussian func-
tion serves as the fit function, where the parameters of
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is 2.4 times smaller than that of BABAR (469 fb�1). The
generator used for the signal simulation is AfkQed [58–
60] in BABAR and is PHOKHARA [20, 21, 40] in Belle II.
There is a di↵erence in the ISR QED simulation between
the two programs. Both experiments use kinematical 4C
fits for the signal selection. However, BABAR uses only
the measured direction for the ISR photon keeping the
energy as a free parameter of the fit while Belle II uses
the measured ISR photon energy in their 4C fit. BABAR
selects ⇡0’s by counting the number of events in a mass
window in M(��), while Belle II determines the ⇡0 yield
by fitting the M(��) distribution. Although the size of
the background in the ! region is less than 1% in both
experiments, these di↵erences a↵ect the size of the re-
maining background.

The systematic uncertainty of the cross section in the
! resonance region is 1.3% for BABAR and is 2.2% in
Belle II. BABAR’s systematic uncertainty is dominated
by detector e↵ects (1.2%), which are mainly due to the
uncertainty in ⇡0 detection and tracking. Belle II’s un-
certainty is also dominated by the uncertainty on the ⇡0

e�ciency (1.0%) and tracking e�ciency (0.8%). In addi-
tion, Belle II takes into account 1.2% due to the uncer-
tainty in ISR photon simulation according to the recent
observation in Ref. [52].

XI. SUMMARY

In summary, we have measured the cross section for
the process e+e� ! ⇡+⇡�⇡0 in an energy range from
0.62 to 3.5GeV, using the ISR technique. We use a
191 fb�1 e+e� data sample collected by Belle II at an
e+e� c.m. energy at or near the ⌥ (4S) resonance. The
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Figure 24. Energy dependence of the vacuum polarization
corrections |1�⇧(s0)|2 reproduced from Ref. [57].

systematic uncertainty of the cross section is about 2.2%
at the ! and � resonances, where the cross section is
large. At other energies, the precision is limited by the
statistical uncertainty. The resulting contribution, at
leading order in HVP, to the muon anomalous magnetic
moment is a3⇡µ = (48.91 ± 0.23 ± 1.07) ⇥ 10�10 in the
0.62–1.8GeV energy range. The Belle II result di↵ers by
2.5� from the current most precise measurement [31] and
global fits [32].
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BB̅ physics



Time-dependent CP violation

• Flagship measurement of the B factories, fully exploiting the 
quantum entanglement of the two B mesons 

• Relies on ability to identify (tag) the flavor of the other B in the 
event and excellent vertex resolution  

12
January 8th 2024 A. Gaz 10

Dz

<Dz> ~ 130 mm at Belle II

J / y

Time dependent analyses

Flagship measurement of the B 
Factories, still very important at 
Belle II;

Quite complicated analysis, several ingredients must be in place:

1)  ability to identify the flavor (B0 or B0) of the 
unreconstructed B (flavor tagging);

2)  B-decay vertices resolution;

3)  signal side efficiency, background modeling.

Sf : time dependent asymmetry
Cf : time integrated (or direct) asymmetry

Fully exploiting the 
quantum entanglement 
of the two B mesons!

<latexit sha1_base64="h5kyLzMMq/KzgaRec0VfQKMDq+g="></latexit>

ACP =
�(B̄0(�t) ! fCP )� �(B0(�t) ! fCP )

�(B̄0(�t) ! fCP ) + �(B0(�t) ! fCP )

= SCP sin(�m�t)� CCP cos(�m�t)

SCP = sin2β in B0→J/ψKS0



Improved flavor tagging

• The first CP violation analyses in Belle II 
relied on a category-based algorithm with 
performance similar to previous B 
factories 

• New algorithm based on graph neural 
networks (GFlaT) increases the effective 
sample size by ~18% 

• Corresponding to ~8% improved 
statistical precision on SCP = sin2β in 
B0→J/ψKS0 decays 

• Now being used by all analyses, and 
being implemented for Belle data with 
similar performance improvements
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bin, the �t PDF is described by Eq. 1, modified to take into account the performance426

parameters of the flavor tagger algorithm,427

fCP (�t, q) =
1

4⌧B0
e

�|�t|
⌧
B0 ([1� q�w + qµ(1� 2w)]

+ [q(1� 2w) + µ(1� q�w)]

[SCP sin(�md�t)� CCP cos(�md�t)]).

(9)428

We further modify Eq. 9 to obtain the PDF f 0
CP take into account the resolution e↵ect429

impacting�t as described in Sec. 6.3. All resolution function and flavor tagger parameters430

are taken from their fitted values obtained from the hadronic sample. The�t distributions431

as well as the fit projections are shown in Fig. 9. The parameters SCP and CCP extracted432

from the fit are reported in Tab. 2.433

Figure 9: Distribution of�t for B0 ! J/ (! `+`�)K0

S (! ⇡+⇡�) (left) and B0 ! J/ (!
`+`�)K⇤0(! K+⇡�) (right) candidates reconstructed in the data. In each fit, the blue
data points and fit projection corresponds to the events which have been tagged as B0,
while the red points and projection represent B0 tagged events.

Table 2: Signal and background yields extracted from the fit shown in Fig. 8 and final
CP violation parameters in data for B0 ! J/ K0

S and B0 ! J/ K⇤0.

Sample Nsig Nbg CCP SCP

B0 ! J/ K0

S 6373± 84 562± 35 �0.035± 0.026 0.724± 0.035
B0 ! J/ K⇤0 12648± 124 1916± 68 0.008± 0.019 �0.018± 0.026

The B0 lifetime is measured using B0 ! J/ K0

S and B0 ! J/ K⇤0, and are all434

found to be compatible with the known values. The values are ⌧B0 = 1.514 ± 0.022 ps,435
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Table 3: Summary of all systematic uncertainties

Source �("tag) [%] �(SCP ) �(CCP )
B0 ! D(⇤)�⇡+sample size 0.43 0.004 0.007
B0 ! J/ K0

S sample size 0.035 0.026
Fit model
Analysis bias 0.02 0.002 0.005
Fixed resolution parameters 0.07 0.004 0.004
⌧ & �md 0.06 0.001 0.000
��t binning 0.04 0.000 0.000

�t measurement
Alignment 0.06 0.005 0.003
Beam spot 0.16 0.002 0.002
CMS Energy 0.03 0.000 0.001

Backgrounds
B0 ! D(⇤)�⇡+sWeight bias 0.24 0.001 0.001
B0 ! D(⇤)�⇡+�E background 0.11 0.001 0.001
Signal �E shape 0.08 0.002 0.000

Tag-side interference — 0.010 0.007
Total systematic 0.34 0.014 0.012

e↵ective tagging e�ciency is519

"tag = (37.40± 0.43 (stat)± 0.34 (syst))%, (10)520

For comparison, the current Belle II flavor tagger, based on the category-based algorithm521

[2], is evaluated using the same data set as the one used for evaluating the GFlaT. It522

provides an e↵ective tagging e�ciency of "tag = (31.68 ± 0.45(stat) ± 0.41(syst))%. The523

GFLAT yields an approximate 18% increase in the e↵ective tagging e�ciency.524

To validate the GFLAT, we use it to perform a measurement of the CP violation525

parameters in B0 ! J/ K0

S decays. The results are526

CCP =�0.035± 0.026 (stat)± 0.012 (syst),
SCP = 0.724± 0.035 (stat)± 0.014 (syst),

(11)527

which is in agreement with the average of previous measurements. The statistical uncer-528

tainty on the measured values in comparison to the measurement with the category-based529

flavor tagger algorithm improved by 7.1% and 7.9% respectively. This is in agreement530

with the increased e↵ective e�ciency of the new flavor tagger algorithm. The measured531

SCP corresponds to �1 = (23.2± 1.5(stat)± 0.6(syst))�.532
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Flavour tagging improvements 

3.8.2024 BaBar Symposium 12

Graph-neural-network 
approach has improved our 

tagging by 18%
𝝐 𝟏 − 𝟐𝝎 = 𝟑𝟕. 𝟒%

𝒆−(7 GeV) 𝒆+(4 GeV)

𝑩𝐬𝐢𝐠𝐧𝐚𝐥

𝑩𝐭𝐚𝐠

𝒍+

𝑲𝐒
𝟎

𝑫+

𝝁−

ഥ𝝂

𝜟𝒛 = 𝜟𝒕𝜸𝜷𝒄

Flavour-tagging key:
leptons, kaons, high 

momentum tracks etc

𝒍−

∝ 𝑉𝑡𝑑 2𝑒2𝑖𝜙1

Coherent 
evolution

arXiv:2402.17260 [hep-ex]

[2402.17260]

https://arxiv.org/abs/2402.17260


βeff from suppressed decays
Gluonic-penguin mode suppressed in 
the SM, BR ~ 10-5-10-6.  
Important comparison of sin2βeff  
with the reference favored channels  
to probe new amplitudes in loops.  

Experimentally challenging.  
Fully-hadronic final state with (many) 
neutrals. Need to fight against 
“continuum” light-quark production,  
background O(106) larger than signal. 
 
Exploit discriminating event topology: 
continuum features a jet-like structure, 
while B decays isotropically at rest.  
Boost event-classification with machine 
learning algorithms (BDT, NNet). 

Experimentally challenging.  
Fully-hadronic final state with (many) 

neutrals. Need to fight against 
“continuum” light-quark production.  

Background O(106) larger than signal. 
 

9

CP violation in suppressed decays
• Gluonic-penguin modes are suppressed in the SM 

• Comparison of sin2βeff with the reference from B0→J/ψKS0 
probes the presence of new amplitudes in loops 

• Reached better sensitivity per unit data compared to 
predecessors in a few modes (while still using the category-
based flavor tagger)
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 [PRL 131 (2023) 111803] 
B0→KS0π0 B0→KS0φ

 [PRD 108 (2023) 072012] 
B0→KS0η’
 [2402.03713] 
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Anomalies in b→s transitions?

• Consistent pattern of deviations in b→sµ+µ– transitions appeared at LHCb 
several years ago 

• Predictions have large hadronic uncertainties (e.g., from cc̄ loops) and, since 
they appeared, little progress has been made in understanding them

15

A Coherent Pattern?

• Data consistently below SM predictions 

• Large theory uncertainty due to form factors 

JHEP 11 (2016) 047 JHEP 06 (2014) 133

JHEP 06 (2014) 133 JHEP 06 (2014) 133

JHEP 09 (2015) 179

JHEP 06 (2015) 115

B0 → K*μμ Bs → ϕμμ

Λb → Λμμ

 10Nico Serra - Pheno 2019 6th - 8th May 2019



A cleaner probe: b→sνν̄ 

• Well known in SM: no cc̄ loops, short-distance 
dominated 
 
BFSM(B+→K+νν̄)=(5.6±0.4)×10−6 

• Very sensitive to beyond-SM enhancements and 
complementary to b→sl+l– 

• Experimentally challenging 

• No peak – two neutrinos leads to no good 
kinematic constraint 

• Only accessible at e+e– colliders 

• Upper limits provided by BaBar and Belle, 
exploiting the reconstruction of the other B in the 
event in a hadronic or semileptonic final state

16



B+→K+νν̄ at Belle II

• Two (largely) statistical independent methods 
 
 
 
 
 
 
 

• Many systematic studies with data-driven corrections and 
checks from control samples

17

Hadronic-tag analysis (HTA) 
Conventional at B factories 

Fully reconstruct the other B to 
strongly constrain kinematics and  

suppress background. Good purity 
but low efficiency (0.4%)

Inclusive-tag analysis (ITA) 
New at Belle II 

Larger efficiency (8%), but 
background suppression 

relies only on overall 
properties of the event

[2311.14647] 
(to appear in PRD)

https://arxiv.org/abs/2311.14647


Inclusive-tag analysis — Strategy
• Preselect events where missing 

momentum and signal kaon well 
reconstructed 

• Two boosted decision trees to suppress 
background: 

• BDT1: 12 inclusive event-topology 
variables 

• BDT2: 35 variables; trained on events 
with BDT1>0.9, which corresponds to 
a signal (background) efficiency of 
34% (1.5%) 

• Determine signal from fit to BDT2 in bins 
of dineutrino mass-squared (q2) 

• Validated with several control samples in 
data

18

Fig. 58: Simulated signal and background events in bins of the 12 variables used to train
BDT1, which is the first classifier used the inclusive tagging method. The histograms
are obtained by selecting a total of approximately 106 simulated signal events and 106

simulated background events with the criteria listed in Section 4 and Section 5 . The
signal histogram and the stacked background histogram are divided by the total number
of events they contain.

84

qq̄ continuumBB̅

Event topology

[2311.14647] 
(to appear in PRD)

https://arxiv.org/abs/2311.14647


B+→K+νν̄ — Results

19
µ = measured BF / SM BF

[2311.14647] 
(to appear in PRD)

<latexit sha1_base64="nsZSkN0wx3IHSzeZGwZZ7lgPQVY="></latexit>

µHTA = 2.2+1.8
�1.7(stat)

+1.6
�1.1(syst)
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µITA = 5.4± 1.0(stat)± 1.1(syst)

ITA HTA

https://arxiv.org/abs/2311.14647


B+→K+νν̄ — Results

• Exciting result. To be followed by Belle ITA, Belle II semileptonic-
tag analysis, and the investigation of more b→sνν̄ modes

20

First evidence (3.5σ). Consistent with SM at 2.7σ

<latexit sha1_base64="Q9tt/wy32R3hLYftTZCca8GjYVg=">AAACKHicbZDLSgMxFIYzXmu9jbp0EyxC3YwzUqouhKIblxXsBTqlZNK0DU1mhuSMWIY+hi/hK7jVvTvptk9iehG09YfAz3fO4Zz8QSy4BtcdWSura+sbm5mt7PbO7t6+fXBY1VGiKKvQSESqHhDNBA9ZBTgIVo8VIzIQrBb07yb12hNTmkfhIwxi1pSkG/IOpwQMatnnvkzwDS44RT+WnuP6wJ4hzWsgcDY0yHWuf9BAG9Syc67jToWXjTc3OTRXuWWP/XZEE8lCoIJo3fDcGJopUcCpYMOsn2gWE9onXdYwNiSS6WY6/dgQnxrSxp1ImRcCntLfEymRWg9kYDolgZ5erE3gv7VALmyGzlUz5WGcAAvpbHEnERgiPEkNt7liFMTAGEIVN7dj2iOKUDDZZk0o3mIEy6Z64XhFp/hQyJVu5/Fk0DE6QXnkoUtUQveojCqIohf0ht7Rh/VqfVpf1mjWumLNZ47QH1njb6tNpYA=</latexit>

µ = 4.6± 1.0(stat)± 0.9(syst)

[2311.14647] 
(to appear in PRD)

https://arxiv.org/abs/2311.14647


Closing summary

• Belle II Run 1 results confirm the 
importance of a flavor-physics program in 
e+e– collisions at the Y(4S) energy 

• Still catching up to previous-generation 
sample size… 

• …but already achieved competitive 
and world-leading/unique 
measurements 

• Looking forward to successful data-taking 
in Run 2 to enter the ‘‘1035 era’’ and fully 
exploit Belle II potential in the next 
decade
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XIII International Conference on Beauty, Charm and Hyperon Hadrons (BE A CH 2018)
IOP Conf. Series: Journal of Physics: Conf. Series 1137 (2019) 012035

IOP Publishing
doi:10.1088/1742-6596/1137/1/012035
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Figure 3. (Colors online) Nano-Beam
scheme.

Belle II Detector [735 collaborators, 101 institutes, 
23 nations]electrons  (7 GeV)

positrons (4 GeV)

Vertex Detector
2 layers Si Pixels (DEPFET) +  
4 layers Si double sided strip DSSD

Belle II TDR, arXiv:1011.0352

EM Calorimeter
CsI(Tl), waveform sampling electronics

Central Drift Chamber
Smaller cell size, long lever arm

Particle Identification 
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC  
(end-caps , inner 2 barrel layers)

Figure 4. (Colors online) Belle II detector.

3. Physics program
The experiment aims to investigate with high precision several heavy flavour physics fields as a
B-factory [2]. The detector together with the collider will provide important advantages in the
context of a physics analysis. SuperKEKB will produce coherent couples of B mesons from �(4S)
resonance in a clean environment w.r.t. experiments using hadronic machine and large data
samples of B, D and ⌧ with low background will be collected. Another important characteristic
given by the detector is a good hermeticity which, together with good reconstruction e�ciency
and resolution for neutral particles as �, K0 and ⇡0, will provide important advantages for
decays with missing energy.
Taking advantage of the exclusive features just mentioned, part of the Belle II physics program
can be summarized as below:

• Unitarity Triangle (UT) angles and CKM matrix elements: CP violating measurements
(time-dependent and time-integrated) allow to discover new possible CP-violating phases
that indicate the existence of SM extensions;

• Flavour Changing Neutral Current (FCNC): penguin processes described by quark
transitions like b ! s and mixing processes of neutral meson states allow to search for
New Physics (NP) in loops;

• Leptonic decays and Lepton Flavour Violation (LFV): study of ⌧ and leptonic B decays in
order to probe NP scenarios which take into account NP models i.e. extended Higgs sector
or right-handed neutrino couplings. LFV can be investigated mainly thanks to the clean
environment provided by a B-factory which makes Belle II highly competitive (Fig. 5);

• Dark sector: search for dark matter candidates i.e. dark photon (Fig. 6). Belle II will
use a dedicated single photon trigger in order to be able to reconstruct its decay into an
invisible final state (the signature is the presence of a single photon and missing energy).
Some results can be obtained before the beginning of Phase 3.

• Hadronic spectroscopy and quarkonium: a di↵erent center of mass energy of the collider
is needed in order to produce resonances like ⌥(3S),⌥(5 S) and ⌥(6S) allowing to study
several intermediate bounded states and their properties.

KEKB

SuperKEKB

SuperKEKB ‘‘nano beams’’

• SuperKEKB uses much smaller 
interaction region and larger beam 
currents than KEKB to reach higher 
luminosities 
• Nano-beams concept realized with 

super-conducting final focus 
quadrupoles (P. Raimondi) could 
deliver up to 20× more luminosity 
than at KEKB 

• Beam currents up to 1.5× KEKB’s 
• So far, record peak luminosity of 

4.7×1034 cm–2s–1 (~2.5x KEKB’s record) 

• Will need to upgrade machine in next 
few years to reach design goal of 
6.5×1035 cm–2s–1
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Dimensions of luminous region at 
Belle II are 10/0.2/250 μm (x/y/z) 
compared to 100/1/6’000 μm at 

Belle. Ultimately, y size expected to 
be decreased to ~60 nm



Inclusive-tag analysis — Validation

24

• ITA signal efficiency validated using signal 
embedding in events with a reconstructed 
B+→K+J/ψ(→µ+µ–) decays 

• Remove muons from reconstructed objects to 
mimic neutrinos and replace K+ kinematics 
from simulated signal events to match signal 
topology (both in data and simulation) 

• Control backgrounds using 

• Off-resonance data for continuum 
• Pion-enriched sideband for misidentified 

decays 
• Combinations of K+ with other charged 

particles in the event for B→D(→K+X)ℓ–ν 
modes 

• B+→K+KSKS for B+→K+KLKL contamination 
(most signal-like background decay) 

• … 

• Closure test with full measurement of BF(B+→π+K0)
Elisa Manoni, INFN Perugia                                                                                                                                                                                                                                                                          11/07/2023

Signal efficiency Validation 

• Use B+→J/ѱ(𝜇𝜇)K+ control channel

• “embedding” procedure: remove muons 
from reconstructed objects to mimic 
neutrinos and replace K+ kinematics from 
simulated signal events to match signal 
topology (both in data and MC)

• Data/MC efficiency ratio: 1.00 ± 0.03 → 
good agreement

• 3% is included as signal shape systematic 
uncertainty

30

[2311.14647]

https://arxiv.org/abs/2311.14647


B+→K+νν̄ — Systematics

25
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TABLE I. Sources of systematic uncertainty in the ITA, corresponding correction factors (if any), their treatment in the fit,
their size, and their impact on the uncertainty of the signal strength µ. The uncertainty type can be “Global”, corresponding to
a global normalization factor common to all SR bins, or “Shape”, corresponding to a bin-dependent uncertainty. Each source
is described by one or more nuisance parameters (see the text for more details). The impact on the signal strength uncertainty
�µ is estimated by excluding the source from the minimization and subtracting in quadrature the resulting uncertainty from
the uncertainty of the nominal fit.

Source Correction Uncertainty Uncertainty Impact on �µ
type, parameters size

Normalization of BB background — Global, 2 50% 0.90
Normalization of continuum background — Global, 5 50% 0.10
Leading B-decay branching fractions — Shape, 5 O(1%) 0.22
Branching fraction for B+ ! K+K0

LK
0

L q2 dependent O(100%) Shape, 1 20% 0.49
p-wave component for B+ ! K+K0

SK
0

L q2 dependent O(100%) Shape, 1 30% 0.02
Branching fraction for B ! D⇤⇤ — Shape, 1 50% 0.42
Branching fraction for B+ ! K+nn̄ q2 dependent O(100%) Shape, 1 100% 0.20
Branching fraction for D ! K0

LX +30% Shape, 1 10% 0.14
Continuum-background modeling, BDTc Multivariate O(10%) Shape, 1 100% of correction 0.01
Integrated luminosity — Global, 1 1% < 0.01
Number of BB — Global, 1 1.5% 0.02
O↵-resonance sample normalization — Global, 1 5% 0.05
Track-finding e�ciency — Shape, 1 0.3% 0.20
Signal-kaon PID p, ✓ dependent O(10� 100%) Shape, 7 O(1%) 0.07
Photon energy — Shape, 1 0.5% 0.08
Hadronic energy �10% Shape, 1 10% 0.37
K0

L e�ciency in ECL �17% Shape, 1 8% 0.22
Signal SM form-factors q2 dependent O(1%) Shape, 3 O(1%) 0.02
Global signal e�ciency — Global, 1 3% 0.03
Simulated-sample size — Shape, 156 O(1%) 0.52

of these uncertainties are propagated as correlated shape
uncertainties.

Global normalization uncertainties on the luminosity
measurement (1% assumed) and the number of BB pairs
(1.5%) are treated with one nuisance parameter each. In
addition, a 5% uncertainty is introduced on the di↵er-
ence in normalization between on- and o↵-resonance data
samples.

The following five sources represent uncertainties in
detector modeling; they are discussed in detail in
Sec. V. The sources are track-finding e�ciency, kaon-
identification e�ciency, modeling of energy for photons
and hadrons, and K

0
L reconstruction e�ciency. The final

three sources account for signal-modeling uncertainties.
These are signal form-factors, which are based on Ref. [4],
and global signal-selection e�ciency uncertainties as de-
termined in Sec. VIII.

The systematic uncertainty due to the limited size of
simulated samples is taken into account by one nuisance
parameter per bin per category (156 parameters).

To account for all the systematic sources described
above, a total of 192 nuisance parameters, along with
the signal strength µ, are varied in the fit.

The largest impact on the uncertainty of the signal
strength µ arises from the knowledge of the normaliza-
tion of the background from charged B decays. Other im-
portant sources are the simulated-sample size, branching
fraction for B

+ ! K
+
K

0
LK

0
L decays, branching fraction

for B ! D
⇤⇤ decays, reconstructed energy of hadrons,

branching fractions of the leading B decays, and K
0
L re-

construction e�ciency. These sources of uncertainty al-
low for substantial changes in the BB shape. The shape
variations are larger than the data-simulation residuals in
⌘(BDT2) in the pion-enriched sample (Fig. 11). This sug-
gests that uncertainties in the BB shape are adequately
covered by the existing systematic contributions.

The summary of systematic uncertainties for the HTA
is provided in Table II. Three background components
are considered in the HTA: BB, accounting for both
charged and neutral B decays; cc̄; and light-quark con-
tinuum (uū, dd̄, ss̄). The contribution from ⌧ -pair de-
cays is negligible. The primary contribution to the sys-
tematic uncertainty arises from the determination of the
normalization of the BB background. This determina-
tion is based on the comparison of data-to-simulation
normalization in the pion-enriched control sample, which
shows agreement within the 30% statistical uncertainty.
The other important sources are the uncertainty associ-
ated with the bin-by-bin correction of the extra-photon-
candidate multiplicity, and the uncertainty due to the
limited size of the simulated sample. The uncertainty
on continuum normalization (50%), determined using
o↵-resonance data, is the fourth most important contri-
bution. The limited size of the HTA sample prevents
the substantial reduction of post-fit uncertainties seen in
the ITA, compared to pre-fit values, for the background


