
Update from Belle II
Petar Rados 

on behalf of the DESY Belle II group  
 

90th PRC Meeting Open Session  
5/11/2020



@KEK  
Tsukuba, Japan

1Belle II @ Desy,   5/11/2020P. Rados  

• Unprecedented target luminosity of ~6×1035 cm-2s-1  
(↓25% due to relaxed beam currents goals) 

• Broke the world lumi record earlier this year

SuperKEKB Accelerator

• Next generation B-factory:   e+e- → Y(4S) →       ,  √s ≈ 10.58 GeVBB̄
+ rich program of dark sector, tau and other low-multiplicity physics
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+ rich program of dark sector, tau and other low-multiplicity physics

https://www.kek.jp/en/newsroom/2020/06/26/1400/ 
 

https://cerncourier.com/a/kek-reclaims-luminosity-record/



Belle II Detector
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⇒  upgraded trigger system 
and sub-detectors

• Increased beam backgrounds 

• First collision in April 2018

• Rolled in:  April 2017  



Belle II Operations in 2020
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• SuperKEKB/Belle II has been operating during the COVID-19 pandemic with protocols in place to maximize safety 
and minimize the risk of infection 

- minimize person-to-person contact 
- remote control room shifts and expert shifts 
- online meetings

• Travel restrictions resulted in very heavy load on local crew at KEK (~40 people) 
- in upcoming runs try to relieve local CR shifters by having 2 remote CR shifters



Luminosity status
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• Aiming for 50 ab-1 over the next ~10 years 
(50 x Belle dataset). 

⇒  long way to go: machine performance 
and background

• Despite challenges brought about by COVID-19, 
data-taking continues: 

- 74 fb-1 total (8fb-1 off-resonance) from  
March 2019 to July 2020 

- started again in October 2020

• Cumulative data taking efficiency: 
- March-July 2020: 84% 
- since Oct 2020: 90%

https://confluence.desy.de/display/BI/Belle+II+Luminosity



DESY group activities
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taken from S. Cunliffe



Pixel Detector



Pixel detector
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• Pixel detector (PXD): 
- 2 layers: 8 (inner) + 12 (outer) ladders 
- DEPFET sensor modules (2 per ladder)

• PXD is stably running 
- hit ε > 99% (excluding inefficient rows from beam loss incidents)  
- SNR 40-50,   σ(d0) ~ 14 µm (BELLE2-NOTE-PL-2019-011)

• Full inner layer + partial outer layer 
installed end of 2018

• Operational challenges 
- radiation damage from beam loss incidents (~2.5% of full PXD) 

      ⇒ emergency protection scheme now greatly improved 
- several modules reached power supply limit  

      ⇒ limit increased (>2mA) during summer shutdown

BELLE2-NOTE-PL-2020-008

https://docs.belle2.org/record/1536?ln=en
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• Luminosity backgrounds (irreducible):  mainly two-photon

• Single-beam backgrounds  
- Touschek scattering 
- beam-gas scattering  
- Synchotron radiation  
- injection background

• Background decomposition performed in single-beam and 
luminosity runs 

- Data/MC factors ϵ [0.5, 5]  → correct design simulation 
- lumi background in excellent agreement with simulation

PXD backgrounds

PXD limit set by occupancy (3%)

Study indicates we should be well within                   
at the original design optics.

• Note: extrapolation missing for injection and SR backgrounds, 
however SR currently has acceptable contribution to



PXD 2022
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• Towards full 2-layer PXD detector 

- module production ongoing @ MPP, HLL 

- module testing ongoing @ DESY 

- improved beam pipe construction @ KEK

• DESY continues to play a leading role in  
the Belle II PXD project: 
- detector characterization, commissioning  

and operation 

- performance studies, background  
estimation, calibration and software  
development

• Installation planned during the 2022 long 
shutdown

PXD module mass-
testing setup @DESY



Tracking



Tracking activities
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• DESY plays a leading role in tracking: 
‣ tracking software development 
‣ support for tracking alignment using Millepede 
‣ tracking efficiency measurements 
‣ monitoring CDC wire efficiency 
‣ monitoring relative VXD/CDC efficiency
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⇒   improvements are due to work on the CDC  
  readout electronics
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⇒   improvements are due to work on the CDC  
  readout electronics

Belle II Germany Meeting, Sep. 14th, 2020:   Belle II Status

D0 and B0 Lifetime Measurements with first ~10 fb-1
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3.4) fs, the estimated average proper time resolution is (97± 8) fs.
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charm @ Belle II ICHEP2020

➡ Belle II potential in many charm sectors 
is clear on paper (extrapolated from 
Belle), now being confirmed with data


➡ Reconstruction performance is 
improving, in many cases comparable 
or better (proper time resolution) to 
Belle


➡ Stay tuned for many results on charm 
from Belle II in the next years!

Conclusions
and prospects

17

BABAR

Belle II

Belle

factor 2 improved  resolution at Belle IIt

D0 → Kπ
D*+ → D0π+

s

Factor 2 improved t-resolution at Belle II 
compared to Belle and BaBar
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• Through tracking we are able to follow changes in 
beam optics and provide valuable feedback to the 
machine group



Tracking activities
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• Tracking paper on algorithms and MC performance  
is now published! 

• Strong contribution from DESY 

• Paper on performance in early data: coming soon!

• Tracking efficiency measurement using tag-and-
probe method with ee → 𝝉𝝉 → 1x3 prong events

https://doi.org/10.1016/j.cpc.2020.107610
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Neutrals



Neutrals activities
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• DESY members leading several areas of neutrals software + performance: 
‣ photon efficiency and resolution measurement 
‣ π0 performance 
‣ particle identification with pulse shape discrimination 
‣ single photon triggering 
‣ calorimeter software

• Important input for several DESY-led physics results: 

‣ Axion-like particle search: Published!  
                                          Phys. Rev. Lett. 125, 161806 

‣ Single photon search: coming soon! 

‣ d             : coming soon! B → Xsγ

BELLE2-NOTE-PL-2020-009

single photon trigger efficiency  
~100% above 1 GeV

• Neutrals performance paper: coming soon!

https://docs.belle2.org/record/2020?ln=en


Pulse shape discrimination
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• Using CsI(Tl) scintillation pulse shape to identify hadronic vs. electromagnetic showers at Belle II.  
Significantly improves  separation. γ/K0

L

https://doi.org/10.1016/j.nima.2020.164562

• Paper is now published!  
 

Major contributions coming from DESY 

• First time applied for particle identification at an e+e- collider. 

https://doi.org/10.1016/j.nima.2020.164562


Pulse shape discrimination
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• Ongoing work on PSD using ML on FPGAs 
  ⇒  Neural Network provides significantly  

    improved energy resolution of hadron  
    component, for pulse shapes with  
    lower energy deposits

• PIER Seed Grant successful:  
 

                   “Machine Learning with FPGAs for real-time characterization of fast scintillation signals”  
 

                                                    (T. Ferber, B. von Krosigk, S. Longo)

• Plan to bring this improvement to the L1  
trigger level

• Collaboration with U. Hamburg/DESY 
SuperCDMS group.



Physics



Dark Sector Physics
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Second published physics paper from Belle II! 



Dark Sector Physics

15Belle II @ Desy,   5/11/2020P. Rados  

• ALP search published with 2018 data. 
 

Analysis driven entirely by DESY!

• Four active analyses in DESY dark-sector group  
(more are planned): 

(1) Search for single photon events. 

(2) Search for inelastic dark-matter. 
(3) Search for long-lived scalar in b → s. 
(4) Improvements to ALP search.

Phys. Rev. Lett. 125, 161806

• (1) & (2) are competitive with ~70 fb-1 of 
data collected so far in 2020.

• Long-lived particle workshop (10-11 Dec)  
joint with theory, via ErUM-FSP T09 Belle II.

http://www.apple.com/uk


Tau Physics
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• B-factories are also τ-factories 
- σ(e+e-→ϒ(4s)) = 1.05 nb  
- σ(e+e-→τ+τ-) = 0.92 nb

• Several active analyses in DESY tau physics group: 
(1) Search for LFV decays τ→lα, µµµ and eɣ. 

(2) Tau mass measurement. 
(3) Electric Dipole Moment (CP/T violation) 
(4) Dalitz analysis. 

⇒  Belle II provides a unique environment  
 to study tau physics with high precision!
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Search for LFV τ→lα 
‣ Search for 2-body decay,  
⍺ unobserved (Emiss) 

‣ Signal will manifest in the  
(approximated) τ rest frame. 
Bump in pl on top of SM τ→lvv.  

‣ With only 25 fb-1 we can push forward the current 
bounds by an order of magnitude!  
 

BELLE2-NOTE-PL-2020-018 

‣ Aiming for paper on 2020 dataset

https://docs.belle2.org/record/2043


Tau mass measurement
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• mτ measurement in 2019 data:  BELLE2-CONF-PH-2020-010

‣ sharp threshold  
behaviour in region  
close to mτ

• Using a pseudomass technique on τ→3πv decays

Mmin = M2
3π + 2(Ebeam − E3π)(E3π − P3π)

arXiv:2008.04665 

• Total systematic uncertainty comparable to Belle/BaBar 
(dominated by momentum scale → will improve!)

• Goal: have the best mτ precision amongst the 
pseudomass techniques. Possible with 150-300 fb-1. 

https://arxiv.org/pdf/2008.04665.pdf


B→Xsɣ
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• Measurement of rare radiative decay B→Xsɣ 
‣ Decay rate + CP  

asymmetries sensitive  
to BSM physics via  
EW penguin loop 

‣ Shape of photon energy  
spectrum sensitive to mb.

Semileptonic tagHadronic tag

• Data prospects for 10-100 fb-1  
‣ Investigating several options regarding B-tagging and background suppression 
‣ Working on semileptonic tagging and photon efficiency measurement 
‣ Investigating analysis on Belle data w/ Belle II tagging tools 
‣ Aiming for a public result using 2020 dataset

 arXiv:2007.04320

• Global fit paper now released (Belle + BaBar):  arXiv:2007.04320 [hep-ph] 
‣ SIMBA:  collaboration b/w DESY Belle II + theory group 
‣ Larger uncertainties suggest modelling and theory uncertainties underestimated  

in previous approaches ⇒ leaves more room for new physics

MC

http://www.apple.com/uk


B→Kvv
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• Novel DESY-pioneered method without B tagger! 
‣ Select highest pT kaon candidate, and rely on event topology, 

Emiss and vertex separation 

‣ ε~5.0% (vs ~0.2% with B-tagger), but larger bkg contamination 
 

⇒ BDT to maximise sensitivity  

‣ Validating with  with µµ veto and signal- 
like kaon kinematics

B → J/ψ ( → μμ)K

• Inclusive search for rare decay  
‣ FCNC process with clean SM computation: 

B → Kνν̄

Not observed yet!  
Highly sensitive to NP.  

• Highlights and prospects: 
‣ Belle II data shows very high data-quality 
‣ Multivariate techniques heavily validated and optimised  
‣ New control channels (off-resonance, BDT-sideband)  

to constrain leading-order systematics  
‣ Sensitivity with 2020 data is close to previous measurements 

+ using a novel method. 
 
⇒ Aim for paper with 2019+2020(summer) data



Collaborative services  
& computing



Computing, collaborative services
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• DESY continues to be a major GRID site for the belle VO  ⇒  largest in current data processing 

• Collaborative services/tools hosted at DESY remain a crucial part of the Belle II infrastructure 

• From 2021 onward: 

‣ DESY will act as a Raw Data Centre  
for Belle II, storing 10% of the 2nd copy  
of RAW data (1st full copy at KEK) 

‣ DESY will become the recalibration 
centre for Belle II (succeeding BNL)

• ~200 Belle II users world-wide request  
access to NAF; a few ten are regular  
users including Jupyter hub

20%



Summary
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• SuperKEKB luminosity is ramping up. Still a long way to go with challenges to overcome. 

• Exciting times are ahead!   Thanks for your attention! 

• DESY group plays a leading role in many areas critical to Belle II 
- PXD operation, performance, background studies, software development and PXD 2022. 
- Tracking and neutrals software development, calibration and performance studies. 

v 

- Computing and collaborative services.

• Many DESY-led physics results are in the pipeline  
- ALPS search has been published. Second physics paper from Belle II, driven entirely by DESY! 
- Aiming for several publication on 2020 dataset in Dark Sector, Tau and B- Physics.



BACKUP



Tracking efficiency measurement
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• Tag-and-probe method targeting ee → 𝝉𝝉 → 1x3 prong events

dfd 
dfd

ϵ ⋅ A =
N4

N3 + N4

- tag: 3 good quality tracks (∑q = ±1)

- probe: look for a loose 4th track that  
            conserves charge 

• Calibrated data-MC discrepancy for the overall efficiency:

- low multiplicity but high track density,  
wide momentum range (0.2 - 4 GeV) 

• Important input for many physics results. Aim to publish this study 
as part of upcoming tracking performance paper. 

https://docs.belle2.org/record/2035?ln=en


B→Xsɣ global fit
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 arXiv:2007.04320 [hep-ph]

• Fit to 4 photon energy spectra from Belle and BABAR 

‣ New approach: nonperturbative physics (“shape function”) 
systematically parametrized 

‣ Larger uncertainties suggest that modelling and theory 
uncertainties underestimated in previous approaches 
 
⇒ leaves more room for new physics

• B→Xsɣ decay rate (prop. to |C7
incl|2) is sensitive to NP,

and the photon energy spectrum is sensitive to mb and 
nonperturbative physics

• Global fit paper released this summer:  
arXiv:2007.04320 [hep-ph] 
 

⇒ SIMBA: collaboration b/w Belle II + theory group

http://www.apple.com/uk


Dark Sector Physics
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• Search for single photon events:   
trigger efficiency in data ~100% above 1 GeV

• B→KS: understanding displaced vertex  
efficiency and backgrounds (KS0, Λ0, ..)



Search for LFV τ→l⍺
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The pseudo rest frame (ps)

5/21/2019 EDUARD BURELO, BELLE II, TAU MEETING 2

• 𝐸𝜏 ≈
𝐸𝑐𝑚
2

• Direction of the W given by the opposite to the 3S direction

𝜏 → 𝑙  𝜈𝑙𝜈𝜏
𝜏 → 𝑙𝛼

𝑃3𝜋

-𝑃3𝜋
𝜏 𝜏

𝑙

𝛼

𝜃
𝜃𝑝𝑠

• Search for two body decay τ→ e/µ + α, where ⍺ is unobserved (missing energy) 

• LFV process that appears in several NP models  (Goldstone boson, LFV Z’, light ALP, …) 

• Previously studied at MARK III (9.5 pb-1) and ARGUS (476 pb-1) 

• Signal will manifest as a peak in  
the τ rest frame, against the SM  
τ→lvv background

• cannot access τ rest frame directly 
due to neutrino
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• approximate with the following 
assumptions: 

‣ Eτ = √s/2  

‣ ARGUS method: 

‣ Thrust method:

⃗pτ ≈ − ⃗p3π

⃗pτ ≈ ⃗T

BELLE2-NOTE-PL-2020-018

https://docs.belle2.org/record/2037?ln=en


Search for LFV τ→l⍺
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Figure 1. Summary of the present bounds and future projections for an ALP with generic couplings
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for the isotropic case. The blue shaded region corresponds to a prompt/displaced ALP. The green
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factor of 100, cf. Sec. 3.2 for details. The dark red thin solid line is the Mu3e projection from [42],
for the isotropic ALP. The sensitivity for the other chiral structures is expected to be similar since
there is no background suppression in this setup. The purple solid line is the bound from the
⌧ ! ea search by the ARGUS collaboration [43], and does not dependent on the chirality of the
ALP couplings. The purple thin line is the projected reach at Belle-II, see Sec. 5 for details. The
bound on µ

+
! e

+
� from Crystal Box is subdominant, see Sec. 4, and is not displayed for clarity.

When kinematically allowed, the couplings in Eq. (2.1) give rise to LFV decays with the

(invisible) ALP in the final state.3 The corresponding total decay width is given by

�(`i ! `j a) =
1

16⇡

m
3
`i

F
2
`i`j

 
1 �

m
2
a

m
2
`i

!2

, (2.3)

3We note in passing, that while we do not study the phenomenology of the LFV neutrino decays,

⌫i ! ⌫ja, the typical decay time for this process is shorter than the age of the Universe for the ALP decay

constants under consideration. This has interesting phenomenological consequences on neutrino cosmology
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FIG. 3. Slices of mZ0 vs. g0
R parameter space. The left-handed coupling is set to g0

L = g0
R in the left panel and g0

L = g0
R/10 in

the right panel. The green band is the 2�-preferred range by the (g� 2)µ anomaly, while the gray region is disfavored at > 5�
(see Section III). The red region is excluded at 2� by lepton flavor universality in tau decays (see Section IV). The blue region
is excluded at 95% CL by searches for the two-body decay ⌧ ! µZ0 (see Section V). The black dashed curve shows the 95%
CL LHC exclusion from searches for leptonic W decays (see Section VI) and the purple dashed curve shows the 95% CL LEP
exclusion from Z coupling measurements (see Section VII). The orange and blue dotted lines show the expected 3� sensitivity
in searches for the µ±µ±⌧⌥⌧⌥ final state at the high-luminosity LHC and at a future electron-positron collider running at the
Z pole (see Section VIII).

On the experimental side, the most precise measure-
ment of this ratio comes from BaBar [72]. The PDG
average [6] also includes less precise determinations from
CLEO [73] and ARGUS [74]:

R
PDG
µe = 0.979 ± 0.004 . (8)

We observe a slight tension with the SM prediction at
the level of 1.6�. Combining Eqs. (7) and (8) we find

Rµe

RSM
µe

� 1 = 0.0066 ± 0.0041 . (9)

The tree level exchange of the considered flavor violating
Z

0 cannot a↵ect the ⌧ ! e⌫⌧ ⌫̄e decay. However, it does
give additional contributions to the ⌧ ! µ⌫⌧ ⌫̄µ decay and
induces the new tau decay mode ⌧ ! µ⌫µ⌫̄⌧ , as shown in
Fig. 4. The decay ⌧ ! µ⌫µ⌫̄⌧ is absent in the SM, but has
exactly the same experimental signature as ⌧ ! µ⌫⌧ ⌫̄µ.
In the following we will therefore consider the sum of the
two decay modes that we denote with ⌧ ! µ⌫⌫̄. As long
as mZ0 � m⌧ the treatment of the Z

0 e↵ect in terms of

an e↵ective Hamiltonian is valid and we find

HZ0 = �
|g

0
L|

2

m
2
Z0

(µ̄�↵
PL⌧)(⌫̄⌧�

↵
PL⌫µ)

�
g
0
Rg

0⇤
L

m
2
Z0

(µ̄�↵
PR⌧)(⌫̄⌧�↵PL⌫µ)

�
(g0L)2

m
2
Z0

(µ̄�↵
PL⌧)(⌫̄µ�↵PL⌫⌧ )

�
g
0
Rg

0
L

m
2
Z0

(µ̄�↵
PR⌧)(⌫̄µ�↵PL⌫⌧ ) . (10)

The Hamiltonian in Eq. (10) leads to the following cor-
rection to the lepton flavor universality ratio Rµe:

Rµe

RSM
µe

= 1 +
|g

0
L|

2

g
2
2

4m2
W

m
2
Z0

+

✓
|g

0
Lg

0
R|

2

g
4
2

+
|g

0
L|

4

g
4
2

◆
8m4

W

m
4
Z0

.

(11)
Note that our model can only increase the ratio Rµe com-
pared to the SM prediction. Thus, the result in Eq. (9)
gives strong constraints on the Z

0 parameter space. If
we neglect the term that contains the right-handed Z

0

coupling, we find the following approximate constraint
at the 2� level

mZ0

|g
0
L|

& 2 TeV . (12)

 

• UL estimation for the ratio Br(τ→e⍺) / Br(τ→evv) was shown at ICHEP  (no systematics) BELLE2-NOTE-PL-2020-018

• With only 25 fb-1 we can push forward current bounds by  
an order of magnitude!  Aiming for a paper in early-mid 2021.

• Current status of the analysis: 

- including systematics uncertainties 
- include τ→µα channel 
- development of BDT, and better 3-prong selection (see earlier) 
- UL cross-check using Bayesian approach

Can set strong constraints on NP models, e.g: 

- LFV Z’    ⇒   

- light ALP ⇒   

strong bound already set from ARGUS 
for mZ’ ≲ mτ - mµ

exploring regions of parameter space  
not reachable by other experiments

https://docs.belle2.org/record/2037?ln=en


Tau Mass Measurement

B6Belle II @ Desy,   5/11/2020P. Rados  

• Tau mass measurement in early Belle II data (8.8 fb-1)

Mmin = M2
3π + 2(Ebeam − E3π)(E3π − P3π)

‣ sharp threshold  
behaviour in region  
close to mτ

• Using a pseudomass technique on τ→3πv decays

F(M, ⃗P ) = (P3 + P4M ) ⋅ tan−1[(M − P1/P2)] + P5M + 1

mτ = 1777.28 ± 0.75 (stat) ± 0.33 (sys) MeV
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arXiv:2008.04665 

ττ→1x3 prong

• Mmin is fitted to an empirical mass function (P1 ⇒ mτ) within 
a 1.7-1.85 GeV window:



Tau Mass Measurement

B7Belle II @ Desy,   5/11/2020P. Rados  

• B-field maps will be updated soon, significantly 
reducing the dominant uncertainty

• Belle II in good agreement with previous measurements 

• Current best result comes from BES III from pair 
production at threshold energy 

• Best measurement from psuedomass technique  
comes from Belle 

• Belle II currently has similar systematic error as last 
generation B-factory results

arXiv:2008.04665 

https://docs.belle2.org/record/2065


Tau Mass Prospects

B8Belle II @ Desy,   5/11/2020P. Rados  

arXiv:2008.04665 



Luminosity status and goals

• So far we have collected ~74 fb-1 during 
Phase 3, with the 2020c data taking period 
starting this month. 

we are  
here• Aiming for 50 ab-1 over the next ~10 years 

(50 x Belle dataset)

B9Belle II @ Desy,   5/11/2020P. Rados  



Pixel detector

B10Belle II @ Desy,   5/11/2020P. Rados  

Challenges in PXD operation:  

• Several modules reached the power supply limit due to increased 
backplane currents. 
⇒  Limit was increased (>2mA) during summer shutdown.

• Beam loss incidents sometimes not detected early enough.  
Radiation damage → inefficient rows from 
dead gates (~2% of full PXD). 
⇒  Emergency protection scheme has since  

  been greatly improved.

• Several modules with large Synchrotron  
radiation during beam injections. Could  
result in high occupancy and data loss. 

⇒  To be studied in upcoming run period.  
  Mitigated by new beam pipe (2022). 



Impact of PXD backgrounds

B11Belle II @ Desy,   5/11/2020P. Rados  

• Δt resolution with projected backgrounds: 
- with single PXD layer, expect a  

significant degradation already  
in next 2 years 

- can be recovered by adding the  
second PXD layer

B0 → J/ψK0
s

B0 → J/ψK0
s


