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Introduction – Dark matter at Belle II

• Belle II will accumulate a unique data sample over the next decade
§ Clean environment of e+e- collisions
§ Unique collision energy (among the currently running colliders)

• The Belle II detector is well designed to search for dark matter
§ Upgraded particle ID – Improved constraints from recoil
§ Better hermeticity than BaBar
§ Special triggers for one- and three-photon signatures (under design)
§ Improved event reconstruction to increase the sensitivity to missing energy signatures

• Searches for dark matter in
§ B decays
§ LFV decays
§ Direct production
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Physics at B factories

March 25, 2021

Integrated Luminosity 
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The Belle II Experiment  –  Bryan FULSOM (PNNL)  –  TRIUMF Seminar  –  2017 04 03 

• Electron positron collision at Υ(4S) 
resonance produces two B mesons

• Created in an L=1 coherent state

• σ(e+e- → bb̅) = 1.1 nb
• σ(e+e- → cc̅) = 1.3 nb
• σ(e+e- → ss̅) = 0.4 nb

• σ(e+e- → uu̅) = 1.6 nb
• σ(e+e- → dd̅) = 0.4 nb
• σ(e+e- → 𝜏+𝜏-) = 0.9 nb

Cross sections 
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Invisible Dark Photon Search at Belle II

March 25, 2021

Detector signature:
single photon + missing energy
Background from e+e- → ɣɣ 0.001 0.01 0.1 1 10
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Visible Dark Photon Search at Belle II

March 25, 2021

Detector signature: single photon + two tracks

Acta
Phys.Polon. B46 (2015) no.11, 2285

Unlike dark matter, mediators 
from portal interactions can 
have sizable SM couplings.

See also SIMPs
(Hochberg, Y., Kuflik, E.&Murayama, H. J. High Energ. Phys. (2016) 2016: 90. )
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The Belle II Detector

March 25, 2021

7.4 m

Time-of-Flight, Aerogel
Cherenkov Counter →
Time-of-Propagation counter
(barrel),  
prox. focusing Aerogel RICH
(forward)

RPC µ & KL counter: 
scintillator + Si-PM 
for end-caps
(and inner 2 barrel layers)

5.0 m

CsI(Tl) EM calorimeter: 
waveform sampling 
electronics

4 layers DS Si Vertex 
Detector → 
2 layers PXD (DEPFET), 
4 layers DSSD 

Central Drift Chamber: 
smaller cell size, 
long lever arm
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Belle II data sample

March 25, 2021

SuperKEKB performance

Instantaneous Luminosity world 
record broken on June 15, 2020:
2.22 x 1034 cm-2s-1

Data recorded: > 100 fb-1
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Background sources

March 25, 2021

Touschek scattering
• Intra-bunch scattering
• rate ∝ (beam size)-1, (Ebeam)-3

• Most dangerous background at SuperKEKB
• Photons upstream hit nuclei and produce 

~1011/cm2/year neutrons (1 MeV equivalent)

Background sources (cntd.)
~2. Luminosity dependent~

Radiative Bhabha
– Rate∝Luminosity (KEKBx40)
– EM shower from spent e+/e-:

hit position is very far (~10m) from IP, 
– Neutrons from emitted γ (hitting downstream magnet)

Need to increase neutron shields in the tunnel

2-photon process
– Generated e+e- pair might hit PXD
– Confirms to be OK, according to KoralW

simulation and KEKB machine study

14

“0.2%(<<2%) occupancy on PXD”

Hiroyuki Nakayama (KEK) TIPP2011 (June. 11th, 2011)

2-photon process
• Generated electron-positron pair might 

enter the detector
• 0.2% occupancy on PXD

Radiative Bhabha
• Rate ∝ Luminosity (KEKB x 40)
• EM showers from outgoing beam
• Neutrons from photon

Background sources (cntd.)
~2. Luminosity dependent~

Radiative Bhabha
– Rate∝Luminosity (KEKBx40)
– EM shower from spent e+/e-:

hit position is very far (~10m) from IP, 
– Neutrons from emitted γ (hitting downstream magnet)

Need to increase neutron shields in the tunnel

2-photon process
– Generated e+e- pair might hit PXD
– Confirms to be OK, according to KoralW

simulation and KEKB machine study

14

“0.2%(<<2%) occupancy on PXD”

Hiroyuki Nakayama (KEK) TIPP2011 (June. 11th, 2011)

electron bunch
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Lμ – Lτ model:
search for an invisible Z’

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

compatible in both cases [28]. Cross section results are
translated into 90% C.L. upper limits on the coupling
constant g0. These are shown in Fig. 3, where only values
g0 ≤ 1 are displayed. The observed upper limits for models
with BFðZ0 → invisibleÞ < 1 can be obtained by scaling
the light blue curve as 1=

ffiffiffiffiffiffi
BF

p
.

The final recoil mass spectrum of the e# μ∓ sample is
shown in Fig. 4, together with background simulations.
Again, no anomalies are observed above 3σ local signifi-
cance [28]. Model-independent 90% C.L. upper limits on
the LFV Z0 efficiency times cross section are computed
using the Bayesian procedure described above and cross-
checked with a frequentist Feldman-Cousins procedure
(Fig. 5). Additional plots and numerical results can be
found in the Supplemental Material [28].
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FIG. 2. Recoil mass spectrum of the μþ μ− sample. Simulated
samples (histograms) are rescaled for luminosity, trigger (0.79),
and tracking (0.90) efficiencies, and the correction factor (0.75,
see text). Histogram bin widths indicate the recoil mass windows.
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Lµ – L⇥ model: Z’ to invisible

New light gauge boson Z’ coupling only to 2nd and 3rd generation of leptons (Lµ – L⇥ model):

f

It may explain:
  - DM puzzle;
  - (g-2)

μ
 anomaly;

  - R(K) and R(K*) anomalies.

f
Looking for an invisibly decaying Z’ produced with a pair of muons:
  - Z’ can decay to neutrinos or light DM if kinematically accessible;
  - BF(Z’ 4 invisible) = 1 if mZ’ < 2mµ.

Shuve et al. (2014), arXiv:1403.2727
f

g’ is the coupling constant introduced by the model

Invisible decay studied
here for the +rst time

First physics paper by Belle II:
PRL 124 (2020) 141801
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here for the +rst time

First physics paper by Belle II:
PRL 124 (2020) 141801g

 G. De Pietro

g g
13 

Lµ – L⇥ model: Z’ to invisible

Short term projections including several improvements:
  - much higher integrated luminosity (already on tape);
  - analysis improvements (better muonID, MVA selection);
  - new triggers w.r.t. 2018 pilot run.

Starting to probe the (g – 2)µ band already with 50 fb-1

arXiv:1403.2727

Could be related to: dark 
matter, g-2, R(K) and R(K*)

Outlook: 
Updated triggers
Sensitivity to (g-2)μ band with data sample on tape

Search for a peak 
in the recoil mass, 
using 2018 pilot 
run data

First Belle II physics paper: PRL 
124 (2020) 141801



Analysis Procedure

• Identification of signal lepton
and photon

• Isolation of the remaining
particles

• Application of the Full Event In-
terpretation (FEI) for B-tagging

• Recombination of the initial
⌥(4S)

Moritz J. Gelb – B+ ! `+⌫`� 6

The Tagging Algorithm: Full Event Interpretation

• Hierarchical reconstruction of B tag
with a network of classifiers

• Successor of the Belle Full Recon-
struction (FR)

• Training and application

• Hadronic and semi-leptonic tag
modes

• Generic FEI:
1) FEI trained and applied on full event
2) Signal selection

• Signal-specific FEI (new):
1) Signal selection
2) FEI trained and applied on rest-of-event

! trained on specific event topology

• Each Btag candidate has an as-
signed probability PFEI

Source: T.Keck (KIT)

Tagging ✏ on MC

Tag FR1 gen. FEI Belle gen. FEI Belle II
Hadronic B+ 0.28% 0.76% 0.66%
SL B+ 0.67% 1.80% 1.45%
Hadronic B0 0.18% 0.46% 0.38%
SL B0 0.63% 2.04% 1.94%

1Belle Full Reconstruction algorithm.
Ref. T. Keck: https://ekp-invenio.physik.uni-karlsruhe.de/record/48602/files/EKP-2015-00001.pdf

Moritz J. Gelb – B+ ! `+⌫`� 7
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Full event Reconstruction in Belle II

March 25, 2021

• Y(4S) decays to a pair of B mesons
• The detector covers nearly 4 π 
→ use the well-known collision energy and 
reconstruct one B meson to apply constraints on 
invisible decays of the other B meson
B → µ𝜈, B → τ𝜈, B → K(*)𝜈𝜈

Belle Belle w/ FEI
Or any other 
B decay with 
invisible final 
states

Incl. Belle II 
background

arXiv:1807.08680

https://arxiv.org/abs/1807.08680
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Search for Axion-like particles
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where αQED is the electromagnetic coupling [6]. This
calculation does not take into account any energy depend-
ence of αQED and gaγγ itself [32]. An additional 0.2%
collision-energy uncertainty when converting σa to gaγγ
results in a negligible additional systematic uncertainty.
Our median limit expected in the absence of a signal and
the observed upper limits on σa are shown in Fig. 4. The
observed upper limits on the photon couplings gaγγ of
ALPs, as well as existing constraints from previous experi-
ments, are shown in Fig. 5. Additional plots and numerical
results can be found in the Supplemental Material [33]. Our
results provide the best limits for 0.2 < ma < 5 GeV=c2.
This region of ALP parameter space is completely uncon-
strained by cosmological considerations [34]. The remain-
ing mass region below 0.2 GeV=c2 is challenging to probe
at colliders due to the poor spatial resolution of photons
from highly boosted ALP decays, and irreducible peaking
backgrounds from π0 production.
In conclusion, we search for eþe− → γa; a → γγ in the

ALP mass range 0.2 < ma < 9.7 GeV=c2 using Belle II
data corresponding to an integrated luminosity of
445 pb−1. We do not observe any significant excess of
events consistent with the signal process and set 95% C.L.
upper limits on the photon coupling gaγγ at the level of
10−3 GeV−1. These limits, the first obtained for the fully
reconstructed three-photon final state, are more restrictive
than existing limits from LEP-II [11]. In the future, with
increased luminosity, Belle II is expected to improve the
sensitivity to gaγγ by more than one order of magnitude [6].
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FIG. 5. Upper limit (95% C.L.) on the ALP-photon coupling
from this analysis and previous constraints from electron beam-
dump experiments and eþe− → γ þ invisible [6,9], proton beam-
dump experiments [8], eþe− → γγ [11], a photon-beam experi-
ment [12], and heavy-ion collisions [13].
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Figure 1. Corrected constraints on ALPs with photon coupling (left) and hypercharge coupling
(right). This figure supersedes figure 2 of ref. [2].
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a total of 378 fits to the M2
γγ distribution and 124 fits to the

M2
recoil distribution. CB signal parameters are interpolated

between the known simulated masses, and the KDE shape
is taken from the simulation sample generated with the
closest value of ma to that assumed in the fit.
The photon-energy resolution σðEγÞ=Eγ in simulation is

about 3% for Eγ ¼ 0.65 GeV and improves to about 2% for
Eγ > 1 GeV. Using the same muon-pair sample as used for
the photon-energy bias study, we find that the photon
energy resolution in simulation is better than that in data by
at most 30% at low energies. Therefore, we apply an
energy-dependent additional resolution smearing to our
simulated signal samples before determining the CB
resolution parameter σCB; we assume conservatively that
the full observed difference between data and simulation is
due to the photon-energy-resolution difference. We assign
half of the resulting mass-resolution difference as a
systematic uncertainty. The effect of a $ 2 mm shift of
the interaction point relative to the calorimeter is found to
have a negligible impact on the mass resolution and is not
included as a systematic uncertainty.
We describe the backgrounds by polynomials of the

minimum complexity consistent with the data features.
Polynomials of second to fifth order are used: second for
0.2<ma≤0.5GeV=c2, fourth for 0.5<ma≤6.85GeV=c2,
and fifth for 6.85 < ma ≤ 9.7 GeV=c2. The background
polynomial parameters are not fixed by simulation but are
free parameters of each data fit. Each fit is performed in a
mass range that corresponds to −20σCB to þ 30σCB forM2

γγ,
and −25σCB to þ 25σCB for M2

recoil. In addition, the fit
ranges are constrained between M2

γγ > 0 GeV2=c4 and
M2

recoil < 100.5 GeV2=c4. The choice of the order of
background polynomial and fit range is optimized based
on the following conditions: giving a reduced χ2 close to
one, providing locally smooth fit results, and being con-
sistent with minimal variations between adjacent fit ranges.
Peaking backgrounds from eþ e− → Pγ are very small
compared to the expected statistical uncertainty on the
signal yield and found to be modeled adequately by the
polynomial background PDF.
The systematic uncertainties due to the signal efficiency

and the signal mass resolution are included as Gaussian
nuisance parameters with a width equal to the systematic
uncertainty. The systematic uncertainty due to the back-
ground shape, which is the dominant source of systematic
uncertainty, is estimated by repeating all fits with alter-
native fit ranges changed by $ 5σCB and with the poly-
nomial orders modified by $ 1. For each mass value ma,
we report the smallest of all signal significance values
determined from each background model. The local sig-
nificance including systematic uncertainties is given by
S ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 lnðL=LbkgÞ

p
, where L is the maximum likelihood

for the fit, and Lbkg is the likelihood for a fit to the
background-only hypothesis. The local significances,

multiplied by the sign of the signal yield, are shown in
Fig. 3. The largest local significance, including systematic
uncertainties, is found near ma ¼ 0.477 GeV=c2 with a
value of S ¼ 2.8σ.
By dividing the signal yield by the signal efficiency

and the integrated luminosity, we obtain the ALP cross
section σa. We compute the 95% confidence level (C.L.)
upper limits on σa as a function of ma using a one-sided
frequentist profile-likelihood method [31]. For each ma fit
result, we report the least stringent of all 95% C.L. upper
limits determined from the variations of background model
and fit range. We convert the cross section limit to the
coupling limit using

σa ¼
g2aγγαQED

24

"
1 −

m2
a

s

#
3

;

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

FIG. 4. Expected and observed upper limits (95% C.L.) on the
ALP cross section σa. The vertical dashed lines are the same as
those in Fig. 3.
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Belle II is sensitive to new propagators 
coupling to photons 

g
 G. De Pietro

g g
14 

Axion-Like Particles: a @ ��
Axion-Like Particles (ALPs) are pseudoscalar particles (a)
that couple to bosons.
Unlike QCD Axions, ALPs have no relation between mass
and coupling.

Belle II focused on the coupling to photons:

ALP-strahlung Investigating the photon 
coupling ga�� in ALP-strahlung

First search at B-factories

Dolan et al. (2017), arXiv:1709.00009

We convert the cross section to a coupling using

Current status, using 445 pb-1 of 2018 data Future prospects



Analysis is made possible by event reconstruction in 
a 4 π detector.

New physics coupling to third-generation leptons 
could enhance the decay while avoiding existing 
limits.
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B → K𝜈𝜈

March 25, 2021

S Cunliffe (PNNL) | Rare B decays and prospects at Belle II

B→K(*)νν

2 August 2017 13

Another Belle II 'golden channel'

Observable at Belle II (if SM)

10-12% uncertainty w/ 50ab-1

Use full event reconstruction

Exploit the missing energy + sum of 

missing 3 momentum in CoM frame 

(E*miss+cp*miss)

H. Atmacan                                                                                                                  HINT2016

Belle
B → K(*) ν ν at Belle II

!31

• The Belle II sensitivity projection is based on the previous Belle 

measurement (hadronic tag) ([PRD 87, 111103(R) 2013])  

• 50 ab-1 of Υ(4S) data. 

• The hadronic tag have 100% higher efficiency. 

• KS0 reconstruction has 30% higher efficiency.
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TABLE II: Projections for the statistical uncertainties on the B ! K(⇤)⌫⌫̄ branching fractions.

Mode B [10�6] E�ciency
Belle
[10�4]

NBackg.

711 fb�1

Belle

NSig�exp.

711 fb�1

Belle

NBackg.

50 ab�1

Belle II

NSig�exp.

50 ab�1

Belle II

Statistical
error
50 ab�1

Total
Error

B+ ! K+⌫⌫̄ 4.68 5.68 21 3.5 2960 245 20% 22%
B0 ! K0

S⌫⌫̄ 2.17 0.84 4 0.24 560 22 94% 94%
B+ ! K⇤+⌫⌫̄ 10.22 1.47 7 2.2 985 158 21% 22%
B0 ! K⇤0⌫⌫̄ 9.48 1.44 5 2.0 704 143 20% 22%
B ! K⇤⌫⌫̄ combined 15% 17%
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Another Belle II 'golden channel'

Observable at Belle II (if SM)

10-12% uncertainty w/ 50ab-1

Use full event reconstruction
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Measurement summary

Filippo Dattola | Search for  decays with an inclusive tagging method at the Belle II experimentB+ → K+ νν̄

• This measurement represents the first search for  performed with an 
inclusive tag. 

• No signal observed yet, but an observed upper limit on the branching ratio of 
 is set at the 90% CL.

• With  of  data recorded by the Belle II experiment, the inclusive 
tagging is competitive with the previous searches despite the much lower 
integrated luminosity.

B+ → K+ νν̄

4.1 × 10−5

63 fb−1 Υ(4S)

13

Current status of K+𝜈𝜈

• New idea: inclusive tagging
§ Select the highest track with the highest pT

• Signal efficiency increases to ~4%
• We apply a multivariate classifier on the 

rest of the event to reduce background

• Competitive measurement with
a fraction of the data

< 4.1 x 10-5 (90% CL)

• Signal reconstructed as the highest  
track with at least 1 PXD hit (correct 
match ) followed by inclusive 
reconstruction of the rest of the event 
(ROE). 

• Higher signal efficiency  but 
larger background contributions from 
generic B decays and continuum production 

.

pT

∼ 80 %

ϵsig ∼ 4 %

(u ū , d d̄ , cc̄, ss̄)

The idea 
The inclusive tagging 

6Filippo Dattola | Search for  decays with an inclusive tagging method at the Belle II experimentB+ → K+ νν̄

e−→ Υ(4S) ← e+

B±
sig

ROE :
Highest 
pT track Remaining 

tracks 
and ECL 
clusters

B±
tag
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Ω!"ℎ# = 0.12 (Planck)

𝒪(TeV)

𝟏. 𝟓 𝐆𝐞𝐕 < 𝑴 𝝍𝐃𝐌
“Neutron stars exclude light dark baryons”
Phys. Rev. Lett. 121, 061802 (2018)

Dark sector
scalar baryon

Dark sector
Majorana fermion

Search for
𝑩𝒅𝟎 decay to 𝜦𝟎
+ dark matter

(missing energy)

Search for 𝑩𝒅𝟎 → 𝚲𝟎𝝍*+
• Generic backgrounds from:

§ 𝐵#/𝐵$ events: 𝑒$𝑒% → 𝑌(4𝑆) → 𝐵 3𝐵
§ Continuum: 𝑒$𝑒% → 𝑞3𝑞 (𝑞 = 𝑢, 𝑑, 𝑠, 𝑐)

• Rare 𝐵!/𝐵" decays MC samples
• ℬ 𝐵&' → 𝛬'𝜓!" +mesons ∈ [2×10#$, 0.1]

§ Upper limit: Inclusive 𝐵 decays
§ Lower limit: 𝐴&'

( world averages

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

§ Benchmark 𝑀 𝜓)* = 3.3 GeV
§ 1.5 GeV < 𝑀 𝜓)* ≲ 4.2 GeV

• Tag side: 𝐵%! → hadronic decays
§ Full Event Interpretation (FEI)
§ Multivariate classifiers (MVCs)

March 08, 2021Seminar: University of Oregon Institute for Fundamental Science 14

“Baryogenesis and Dark Matter from B Mesons”
Gilly Elor, Miguel Escudero, Ann E. Nelson

Phys. Rev. D 99, 035031 (2019)
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Summary

• Dark sector searches are increasingly moving to lower energies.
• Belle II will make important contributions to the search(es) for a dark sector.

§ The accelerator will accumulate a unique data sample
§ The detector has unique capabilities compared to previous experiments

ü Improved triggers and reconstruction compared to Belle
ü Improved hermeticity compared to BaBar

• The collaboration is starting to exploit the data and first physics analysis 
related to dark sector searches have been published.
§ Axion-like particles
§ Invisible Z’

• We have lots more in the pipeline, but we’re always looking for new ideas. If 
you have a model that you think Belle II might be sensitive to, please get in 
touch.



Thank you
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