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From Belle to Belle II
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Belle achieves >500 Physics Journal Publications Expected to gain 50ab-1 sample in next decade



Flavour Physics @Belle II
Flavour physics questions to be addressed by Belle II  

• Rare B decays

• Multiple Higgs bosons? 


• Flavour-changing neutral currents beyond the SM? 


• Are there new CP violating phases in the quark sector? 

H+                   H-
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LFV
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FIG. 5: LFV UL (90% C.L.) results from CLEO, BaBar and Belle, and extrapolations for
Belle II (50 ab�1) and LHCb updgrade (50 fb�1).
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VI. LFV ⌧ DECAYS

Lepton Flavor Violation (LFV) is highly suppressed in the SM, LFV ⌧ decays are then
clean and ambiguous probes for NP e↵ects. Belle II can experimentally access ⌧ LFV decay
rates over 100 times smaller than Belle for the cleanest channels (as ⌧ ! 3l) and over 10 times
smaller for other modes, such as ⌧ ! `� that have irreducible background contributions.
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LFV signals are expected in many BSM scenarios, such as the MSSM or 
as a consequence of Seesaw models
Belle II will be able to improve current limits by a factor of 100 for !→3l and 
a factor of >10 for !→l #

Charged lepton flavour violation: 
SM-free signals!

Charged-Lepton Flavour Physics
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Figure 2. Possible supersymmetric contributions to the transition dipole diagrams
mediating the LFV processes µ ! e� (left) and µN ! eN conversion (right).

concept of fermion generations was developed. Non-discovery of µ ! e� and ⌧ ! µ� established that µ
and ⌧ were indeed new elementary leptons, as opposed to excited states of composite lighter leptons. In
analogy to the GIM mechanism, the absence of µ ! e� also required to introduce the muon neutrino, prior
to the ⌫

µ

discovery in 1962 [7], to cancel FCNC amplitudes [8].
Radiative lepton decays `1 ! `2� proceed via dimension-five left and right-handed radiative transition

amplitudes. The branching fraction can be written in the form [5]

B(`1 ! `2�) =
3↵

32⇡

�|A
L

|2 + |A
R

|2� · B(`1 ! `2⌫⌫) . (1)

For generic new physics at mass scale ⇤ one can parametrise the left and right-handed dipole amplitudes
by A

L

= A
R

= 16

p
2⇡2/G

F

⇤

2, where G
F

is the Fermi constant and ⇤ the scale of the LFV interaction.
The upper limit of B(µ ! e�) < 1.2 · 10�11, obtained by the MEGA experiment at the Los Alamos
Meson Physics Facility in 2001 [9], thus translates into the stringent bound ⇤ > 340TeV [5], which is well
beyond the LHC reach for direct detection. Decays involving virtual photons, such as `1 ! `2`2`2 and µ–e
conversion, have an additional rate suppression factor ↵QED, but also probe different physics processes.

Figure 2 depicts example graphs for R-parity conserving supersymmetric contributions to the charged
LFV processes µ ! e� (left) and µN ! eN conversion (right). The predicted rates depend on the value of
the slepton mass mixing parameter involved (cf. [10, 11] and references therein). Lepton flavour violation
is also naturally present in R-parity violating models, where the strength of the effects is governed by the
size of trilinear lepton number violating couplings involving sleptons and leptons (�), and squarks, leptons
and quarks (�0) in the supersymmetric superpotential [12].

2.1 A new limit on B(µ+ ! e+�) by the MEG experiment

The MEG experiment [13, 14] uses the presently most powerful quasi-continuous muon beam produced at
the PSI (Switzerland) ⇡E5 beam line. Positive 29 MeV surface muons hit with 3 ·107Hz rate a thin stopping
target that is surrounded by the MEG detector. The muon decay rate measured by MEG effectively has no
time structure, because the 2.2 µs muon lifetime is long compared to the 50 MHz radio-frequency structure
of the proton cyclotron producing the muons. MEG consists of a positron spectrometer (drift chamber)
immersed in a gradient magnetic field that sweeps the produced positrons out of the interaction region,
a time-of-flight counter, and a 900 litre liquid-xenon (LXe) scintillation detector outside of the magnet,
measuring the photon incidence, time and energy. The solid-angle acceptance around the target is 10%.

The µ+ ! e+� signal events are characterised by back-to-back, in-time monoenergetic (52.8 MeV)
positron-photon pairs. Their measured energies, polar and zenith opening angles, and time difference are
used to separate them from backgrounds, which are dominated by accidental coincidence of a positron from
standard µ+ ! e+⌫⌫ decays and a photon from radiative µ+ ! e+�⌫⌫ decays, bremsstrahlung or positron
annihilation in flight. The reliance on a precise back-to-back signature invalidates the use of negative
muons, which would form muonium atoms in the target that would smear out the two-body kinematics.
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• Lepton flavour violation (LFV)? 

• Belle II provides unique sensitivity to study τ decays 

via missing energy. 

• Precise measurements of CKM matrix elements and their phases.

Belle II 50ab-1

ρ ρ
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non-Flavour Physics @Belle II
• Is there a dark sector of particle physics at the same mass scale as ordinary matter? 


• Belle II has unique sensitivity to dark matter via missing energy decays. 

• What is the nature of the strong force in binding hadrons? 

• States not predicted by the conventional hadron interpretation. 

4
More info: Yiming Li’s talk “Perspectives on spectroscopy study at Belle II”
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Luminosity Fundamental Formula

6

L =
⇥±
2ere

(1 + a)
RL

R�

�
I±⇤y±
��

y±

⇥
Lorentz factor

Aspect ratio of
vertical to horizontal beam-size

Reduction factor

Luminosity gain = 2(I) x 1(ξy) x 20(βy*) = 40
of KEKB

beam-beam param. x1

vertical beta function x20

beam current x2

Nano-Beam scheme (P. Raimondi, DAΦNE):

Squeeze vertical beta function at the IP (βy*) and 
minimize longitudinal size of overlap region to 
avoid penalty from hourglass effect. 

 
 
 
 
 
 
Strong focusing of beams down to vertical size of 
~ 50nm requires low emittance beams, very 
sophisticated final focus quadrupoles (QCS) and 
a large crossing angle. 

d 

Collision Scheme 
High Current Scheme Nano-Beam Scheme 

Half crossing angle: &'
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Belle II Detector
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KL and muon detector (KLM):

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

EM Calorimeter (ECL):

CsI(Tl), waveform sampling (barrel)

Pure CsI, waveform sampling (endcaps)

Beryllium beam pipe:

2cm diameter

Vertex detector (VXD):

2 layers DEPFET pixels

4 layers Double-sided silicon 
strip detectors

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

Particle Identification

Time-of-Propagation counter (barrel)

Prox.focusing Aerogel RICH (fwd)

Readout (TRG, DAQ): 

Max. 30kHz L1 trigger 

~100% efficient for hadronic events. 

1MB (PXD) + 100kB (others) per event 

over 30GB/sec to record 

Offline computing: 

Distributed over the world via the GRID

electron (7 GeV) 

positron (4 GeV) 

40x instantaneous luminosity is expected to represent significantly higher background levels 
in all Belle II subdetectors.



PXD
SVD

Belle II VXD
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Silicon Vertex Detector(SVD)

• 172 double-sided silicon strip detectors (DSSDs);

• Slant shapes in FWD region for the material budget reduction. 

• material budget: 0.7% X0 per layer 
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Pixel Detector (PXD)

• 40 DEPFET modules

• Pixel size: 50 x 55-85 µm²

• Occupancy: 0.4 hits/µm²/s (3% max)

• Integration time: 20 µs (rolling shutter)

• Thickness: 75 µm, 0.21% X0 per layer

Challenges for vertex reconstruction:

• Higher backgrounds (lumi. increase, nano-beam)


=> higher occupancy

• Boost reduced from βγ=0.42 to 0.28 


=> B-meson flight length of 125 µm



PXD
SVD

Belle II VXD
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Challenges for vertex reconstruction:

• Higher backgrounds (lumi. increase, nano-beam)


=> higher occupancy

• Boost reduced from βγ=0.42 to 0.28 


=> B-meson flight length of 125 µm
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SuperKEKB&Belle II Commissioning

9

9 months/year
20 days/month

BEASTII Phase 1 

w/o QCS/Belle II

BEASTII Phase 2 

Collision + partial Belle II Physics run

Goal of SuperKEKB/Belle II
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BEASTII Phase 1 

w/o QCS/Belle II

To measure the beam background 
relevant in Physics data taking.

Beam Background 

• Touschek

• Beam-gas Coulomb

• Beam-gas Bremsstrahlung

• Injection BG

• Beam dust

+  Radiative Bhabha

+  QED 2-photon

+  Synchrotron Radiation

Pha
se

 1

Pha
se

 2

BEAST II Phase I



hua.ye@desy.de 11

BEASTII Phase 1 

w/o QCS/Belle II

Most beam backgrounds appear safe 
for Belle II when extrapolating to Phase 
3, but the safety factors are small, we 
must proceed cautiously.

Measured Touschek-subtracted 
electron beam-induced background 
as a function of delivered current. 

Touschek has larger impact on Belle II, 
and agrees with simulation

preliminary
preliminary

Beam Background 

• Touschek

• Beam-gas Coulomb

• Beam-gas Bremsstrahlung

• Injection BG

• Beam dust

+  Radiative Bhabha

+  QED 2-photon

+  Synchrotron Radiation

Pha
se

 1

Pha
se

 2

BEAST II Phase I
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PID:iTOP

iTOP installed 
into Belle II

Barrel PID : Working Principle

5

Cherenkov photons emitted in the quartz radiator from the charged track o total 
internal reflection o registered at the end of the bar by a fast position sensitive 
detector of single photons.

K/S different Tc o different path length o different 
time of propagation. 

Tc is reconstructed from: hit position (x,y) in the 
photo detector plane and time of propagation

M
C

P-
PM

T

• 16 quartz bars: 2x1.25 m x 0.45 m x 2 cm 
• 32 (segmented anode 4x4) Micro-channel plate PMTs

  Hamamatsu SL-10 MCP PMT

12

 

 iTOP K ID efficiency and π 
fake rate with beam bkg (MC)
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Drift Chamber integration

CDC integrated 
into Belle II

Belle II CDC: 56 layers, 14336 sense wires, Gas: He:C2H6 1:1

Smaller azimuthal cell size at same radius compared with the 
Belle CDC. 13

Belle II CDC
Belle CDC

CDC#and#its#schema<cs#

A:#Axial#layer#
U:#stereo#layer,#stereo#angle#>#0#
V:#stereo#layer,#stereo#angle#<#0#
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Final focus magnets

Final focus magnets 
are installed

2015/02/23 SuperKEKB Review 2015 4 

Production status of magnets  

83 mrad

Helium Vessel

IP

QCS-L Cryostat QCS-R Cryostat
Helium Vessel

Helium Vessel

Helium Vessel

Leak field 

cancel coils
(b3,b4,b5,b6)

QC1RE
4 correctors
(a1,b1,a2,a3) b3 corrector

ESR1 Solenoid
ESR2

ESR3

QC2RE

4 correctors
(a1,b1,a2,a3)

QC2RP
4 correctors
(a1,b1,a2,a3)

b3 corrector

QC1LP
4 correctors
(a1,b1,a2,b4)

QC1LE

4 correctors
(a1,b1,a2,b4)

QC2LE
4 correctors
(a1,b1,a2,b4)

QC2LP
4 correctors
(a1,b1,a2,b4)

ESL solenoid

QC1RP
5 correctors
(a1,b1,a2,a3,b4)

Leak field 

cancel coils
(b3,b4,b5,b6)

LER
HER

In total 55 independent SC magnets in two cryostats 14
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Belle II rolled in in April.2017

Milestone: Belle II 
detector occupies its 

place  on Apr.11, 2017

Belle II roll in: 1400 tons, 8mx8m, 
moved 13m horizontally 
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PID: ARICH

Cherenkov rings in one 
sector of the ARICH.

ARICH is fully 
integrated into Belle II

ARICH: Principle of operation II

15

It is desirable to have as thick aerogel layer as possible, as this increases the 
number of emitted photons, but thicker aerogel also increases the uncertainty in 
the photon emission point.
Two aerogel layers with different refraction indices,  are chosen so that the two 
rings, overlap on the detector plane. 

Refractive index n1 = 1.045 and n2 = 
1.055
Proximity focussing

16

Radiator 

• Silica Aerogel n = 1.045-1.055 

• transmission length > 40 mm 

Photon detection 

• Hybrid Avalanche Photo Detectors 

• 420 units, 144 channels each, 5 mm 

pixelated

 

 ARICH K ID efficiency and π 
fake rate with beam bkg (MC)
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BEAST II Phase II
BEASTII Phase 2 


Outer Belle II + “BEAST-VXD” 

Motivation for BEAST II Phase II: 
• Machine commissioning 
• Radiation safe environment for the 

full VXD. 
• Target luminosity is 1X1034cm-2s-1.

2 PXD and 4 SVD layers in +x sector 
where the highest backgrounds are 
expected. 
Dedicated radiation monitors :  

• FANGS , FE-I4 based hybrid pixel to 
investigate the Synchrotron Radiation 
(SR) background. 

• CLAWS, scintillators with SiPM to 
measure the time evolution of the 
injection background. 

• PLUME, double-sided high granularity 
MIMOSA pixels
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Early physics prospects


• Efficiency losses for low Pt  particles, 

• no appreciable losses in photon efficiency.

• Estimate of integrated luminosity (20±20 fb-1) 
• Potential for low-multiplicity / dark channels studies.

BEASTII Phase 2 

Outer Belle II + “BEAST-VXD” 

 


Dark sector research 

•Axion-like particles (ALPs) produced in ALP-strahlung, then decays into 
DM or into two photons.

18

Expected sensitivity of Belle II.            [arxiv: 1709.00009]

BEAST II Phase II
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VXD Commissioning

VXD integration and 
commissioning

19

SVD L3 mount 
complete

1st Phase3 PXD ladder is 
successfully assembled

+

=
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Physics data taking

Physics run

Goal of SuperKEKB/Belle II:  
50 ab-1by 2025

9 months/year
20 days/month



Summary

hua.ye@desy.de

• Belle II has a rich physics program.


• SuperKEKB upgrades are on-target, Belle II 
detector construction is on going.


• BEAST2 Phase2 will start in Feb.2018, to 
further investigate the beam background, 
and probably first data for physics studies.


• Physics data taking with full Belle II detector 
will start in the beginning of 2019!

21



Backup
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Early Physics of Bottomonium Spectroscopy

Potential impact above ϒ(5S) and below ϒ(4S) with O(10-100) fb-1

The ϒ(3S) offers greatest access to lower 
bottomonium states

• ηb(1S,2S), hb(1P) and ϒ(n3D1) Studies

• Hadronic/Radiative transitions.

• …

 

arXiv:1508.06562

Large ϒ(4S, 5S) data sets achieved.

ϒ(6S)

 

Radiative transition 
Hadronic transition

Base on the 6fb-1 ϒ(6S) data of Belle  
Zb is favored by 3.4σ and 4.7σ for the hb(1P) and hb(2P) 
ϒ (6S)→ππϒ(nS) decays are not fully studied.

)10650(Z±
b)10650(Z±

b

Existing e+e− datasets collected near ϒ resonances.


