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Legacy of the B Factories

2

Flavor physics
CKM matrix elements /
unitarity triangle
CPV in B decays

Limits on BSM Physics
Rare decays
New physics search loops

b®sg, b®sll
Search for LFV t decays

New particles
“XYZ” four-quark states

2008

e.g.: “The Physics of the B Factories”, EPJC 74, 3026 (2014)

+

"for the discovery of the 
origin of the broken 
symmetry which predicts 
the existence of at least 
three families of quarks in 
nature".
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Physics at Belle II
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Motivation: Search for new interactions in rare processes
Perform a comprehensive suite of precision measurements

Phases, CP asymmetries, differential branching ratios, …
Measurements at an e+e- machine

Low background, negligible trigger bias, absolute branching ratios
Systematics complementary to LHCb

Detector features:
Better hermeticity than BaBar (no projective cracks in the ECL)
Better charged particle ID than Belle
Dedicated single-photon trigger
Improved event reconstruction



The nano-beams of SuperKEKB
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 Probing Dark Photons and ALPs at B-factories  (Torben Ferber)

SuperKEKB asymmetric e+e- collider at 10.57 GeV
�9

7/34Torben Ferber, DESY

Nano beam scheme.
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Design of SuperKEKB based on the Nano-Beam Scheme

H. Koiso∗, for the KEKB and SuperKEKB Accelerator Group,
High Energy Accelerator Research Organization (KEK), Oho, Tsukuba, Ibaraki 305-0801, Japan

<]nom\^o
SuperKEKB is a major upgrade plan of KEKB aiming at the luminosity of 8× 1035cm−2s−1, 40 times

higher than the luminosity record achieved at KEKB. Design strategy of SuperKEKB is based on the
Nano-Beam scheme. The vertical beam sizes of both rings are squeezed to 50 - 60 nm at the interaction
point, which increases the luminosity by a factor of 20, while beam currents are doubled. In this paper,
optimization of main machine parameters and lattice design will be presented.

ナノビーム方式に基づくSuperKEKBの設計

1 ナノビーム方式
SuperKEKBは、 KEKBのアップグレードにより、

ピーク・ルミノシティ8×1035cm−2s−1、積分ルミノシ
ティ50 ab−1 を目指すスーパーBファクトリーである
[1, 2]。 現在のKEKBトンネル内に、現在のハードウェ
ア機器を最大限活用して建設される。 SuperKEKBの
設計方針は、 従来「大電流・クラブ交差方式」であっ
たが、 KEKBにおけるクラブ交差の経験やコヒーレン
ト・シンクロトロン放射 (CSR) の影響に関するシミュ
レーション等を踏まえて、 2009 年に「ナノビーム方
式」に変更された[1]。
ナノビーム方式はP. Raimondiと SuperBグループ

によって提案された方式であり [3]、 衝突点における垂
直方向ベータ関数 (β∗

y )をバンチ長より遥かに小さい値
まで絞り込むことを可能にする。 図1に示すように、
水平ビームサイズが充分に小さいバンチ同士を、 水平
面内で大きな交差角をもって衝突させるので、 バンチ
が重なり合う領域の進行方向の長さ (d) は、 バンチ
長自身より圧倒的に短くなる。したがって、砂時計効
果に妨げられずに、β∗

y ∼ dまで垂直方向ベータ関数
を絞ることができる。
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実質的なバンチ長  

Hourglass requirement 

衝突点垂直ベータ関数を~300μmまで絞れる。 
そのためには、水平ビームサイズを小さく 
　→水平エミッタンス、水平ベータ関数を小さく  

図 1: 通常の正面衝突（左）とナノビーム方式（右）
の比較（Y. Funakoshi, Y. Ohnishi et al.）

∗E-mail: haruyo.koiso@kek.jp

dは、 衝突点における水平ビームサイズ (σ∗
x)と交

差角 (2φ) で決まり、d = σ∗
x/φである。dを小さくす

るには、σ∗
xを小さく、 すなわち、 水平エミッタンス

(εx)と衝突点水平方向ベータ関数 (β∗
x) の両方を小さ

くする必要がある。 SuperKEKB では、σ∗
x = 10 ∼

12µm、φ = 4.15 mrad、よって、β∗
y ≥ d ≃ 300µm

となる。

2 マシン・パラメタ
衝突型加速器のルミノシティは、 主要な三つのパ

ラメタ、 ビーム電流（I±）、 衝突点垂直方向β関数
（β∗

y）、 および垂直方向ビームビーム・チューンシフ
ト・パラメタ（ξy±）、によって、
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と表現される。 SuperKEKBは、β∗
yを∼ 300µmまで

絞ることによって 20倍に、 さらにビーム電流増加に
よって 2 倍に、 合わせて KEKB の 40 倍のルミノシ
ティを目指す。ξy±については、 KEKBで既に達成さ
れている0.09を想定している。
主要なマシン・パラメタを表1にまとめておく。

KEKBの場合と同様に、これらのパラメタは複雑に絡
み合っており、β∗

y ∼ 300 µmとするためには、 εxを
現在の1/5 ∼ 1/6に、 水平垂直カップリングを∼ 1/3
に、β∗

xを∼ 1/10に下げなければならない（KEKBの
設計値はβ∗

x/β
∗
y = 330/10 mm）。 目標とする衝突点

垂直ビームサイズは50 ∼ 60 nmとなる。 これが「ナ
ノビーム方式」という名称の由来である。
大きな変更点の一つが、 ビーム・エネルギーであ

る。 LERにおいて、 intra-beam scattering によるエ
ミッタンス増大を軽減し、 同時にTouschek寿命を長

Nanobeams at SuperKEKB

Beam energies: 7 GeV / 4 GeV 

I = 2.6 A / 3.6 A

Crossing angle: 83 mrad

Target luminosity: 8 x 1035 cm-2s-1



Beam-Induced Background Processes
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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•

electron bunch

Background sources (cntd.)
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– 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)

These processes are irreducible and affect reconstruction 
performance and detector lifetime 



Belle II Detector Upgrade
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The Belle II detector in the beam line
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(Some) Members of the 
Belle II collaboration
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Collaboration

5 April 2017 42S Cunliffe | Belle II for busy people



The Belle II collaboration
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750+ members from 26 countries, 106 institutions

In the US: 
85 members in 16 institutions

Working on:
Distributed Computing
Conditions Database
Particle ID
Readout Electronics
Background / Commissioning



The Belle II detector
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SuperKEKB Projected Luminosity
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Latest Status

12

Beam in High Energy Ring, injecting Low Energy Ring next

Close to first collisions!

SuperKEKB Status BEAST II Backgrounds

Status on Apr. 08th

April 11, 2018



The Belle II Detector
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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



The K0
L – Muon detector (KLM)
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Angular  resolution  of  hit  point  from  the  IP
  is  better  than  10mrad (~4cm)

Iron  plates + Scintillator  strips (14 lyr)
X-Y  directions  in  one  layer
Z direction  in  the  depth  of  layers 

Iron  plates (14 lyr)
inner  2  layers : Scintillators
other  layers (13lyr) : RPC (same  as  Belle)

Endcap KLM

Barrel KLM
IP

Requirement  from  KLM  to  Tracking
25

Endcap KLM:
scintillator strips (14 layers)

Barrel KLM:
Inner 2 layers: Scintillator strips
Outer 13 layers: RPC (glass, not bakelite)

Angular resolution of hit 
from the IP: better than 
10 mrad (4 cm)



The Electromagnetic Calorimeter
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Role :  reconstruct  the energy  and angle  of  the  g � e  
  and  participate  in  the  electron  identification

8736  CsI (Tl)  Crystals  (each  30cm  deep = 16.1 X  )0

CsI (Tl)  U ~ 1Ns

t t

amplitude time sampling

trigger trigger

off-time
bkg. signal

Acceptance  12.4 < R < 155.1  (degrees)
larger  than  CDC  acceptance

pile-up  noise  caused  by  the  soft  background  photons (E     < 1MeV)~Ave

J wave-form  sampling &  fitting  with  signal  shape  function
c.f.  Reduction  factors
 x7  BG  showers

ECL : Electromagnetic  Calorimeter
20

8736 CsI (Tl) crystals, each
6 cm x 6 cm x 30 cm  
(in total: 16.1 X0)

The ratio E/p can be 
used to distinguish 
electrons from pions



Endcap Particle ID
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Endcap Particle ID: ARICH

● Aerogel Ring Imaging Cherenkov Detector

● Two aerogel layers with different refractive indices

● Hamamatsu Hybrid Avalanche Photo Detector sensors

– Avalanche photo diode in vacuum tube
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Endcap Particle ID: ARICH

● Aerogel Ring Imaging Cherenkov Detector

● Two aerogel layers with different refractive indices

● Hamamatsu Hybrid Avalanche Photo Detector sensors

– Avalanche photo diode in vacuum tube

• Aerogel Ring Imaging Cherenkov Detector
• Two aerogel layers with different refractive indices (1.045/1.055) 

result in a sharper image
• K/π separation for a wide momentum range (0.7 GeV – 4.0 GeV)



Barrel Particle ID

imaging Time-Of-Propagation (iTOP) detector
Hexadecagonal prism quartz shell
Bank of PMTs on one end, mirror on other
Makes an image where one of the axes is “time” (of propagation)

Slot numbering

view from backward

M. Starič (IJS) New geometry description in Geant Dec. 14, 2016 2 / 9

16 modules

Single module

Prism

Quartz bar
(refractive medium)

PMs 
(light detector)

17April 11, 2018
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~220cm ~180cm

Larger  outer  radius  thanks  to  a  compact  Barrel  PID (TOP)

Larger  inner  radius  to  make  SVD  space  more
  and  to  avoid  high  radiation  region

A  small  cel  chamber  is  installed
 to  realize  the  beam-background  tolerance

Belle II  CDC

Belle  CDC

better  momentum  resultion
better   dE/dx  measurement

CDC  improvement  from  Belle
29

Central Tracker upgrade
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~220cm ~180cm

Larger  outer  radius  thanks  to  a  compact  Barrel  PID (TOP)

Larger  inner  radius  to  make  SVD  space  more
  and  to  avoid  high  radiation  region

A  small  cel  chamber  is  installed
 to  realize  the  beam-background  tolerance

Belle II  CDC

Belle  CDC

better  momentum  resultion
better   dE/dx  measurement

CDC  improvement  from  Belle
29

• Increased outer radius, thanks to a compact
iTOP detector
• Better dE/dx measurement (particle ID)
• Better momentum resolution

• Larger inner radius to avoid high rad regions
and to make room for vertex detector

• Smaller cells in inner region to increase radiation tolerance



Background monitoring

19

Beam Exorcism for A STable Belle II
~6µm beampipe thickness

FANGS: ATLAS-style silicon pixel sensors

CLAWS: Scintillator tiles w/ PMT

PLUME: ILC style MIMOSA 

silicon pixel sensors

Radiation-monitoring detectors

He3/TPCs, diamonds, PIN diodes

Used now through phase II

Machine commissioning

Ensure radiation-safe environment

To be replaced by full VXD

arXiv:1802.01366 (2018)

BEAST II (Phase 2 Commissioning Detector inside Belle II)

Aspen 2018 - The Particle Frontier - March 25-31 11Vladimir Savinov (University of Pittsburgh) on behalf of the Belle II Collaboration

Includes two PXD and four SVD ladders
3 FANGS

2 CLAWS

2 PLUMEs

BEAST II

VXD = PXD + SVD

    End of 2018Now

SVD
PXD

FANGS:  “LHC/ATLAS style” silicon pixel sensors,FANGS:  “LHC/ATLAS style” silicon pixel sensors,
CLAWS:  scintillator tiles read-out by silicon PMTs,CLAWS:  scintillator tiles read-out by silicon PMTs,
PLUME:  “ILC style” MIMOSA silicon pixel sensors, PLUME:  “ILC style” MIMOSA silicon pixel sensors, 
micro-TPC nuclear recoil (fast neutrons) detectors,micro-TPC nuclear recoil (fast neutrons) detectors,
He-3 tube thermal neutron detectors,He-3 tube thermal neutron detectors,
Scintillators + PIN diodes,Scintillators + PIN diodes,
diamond sensorsdiamond sensors

A system of radiation detectors: beam background monitors, first responders 

Understanding beam-related backgrounds
(and physics backgrounds!) is of great importance
There is only that much of radiation hardness...

April 11, 2018



Silicon Vertex Tracker upgrades
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Detector  type :  Semiconductor  detector

HEP detectors 
100-300 um

Working  principle

Apply  a  voltage  in  order  to  create  
     an  internal  electric  field

(some  hundred  volts  over  the ~300 Nm  thick  device)

Traversing  charged  particles  will  produce  
     electron-hole  pairs

Cathode

Anode

Anode

Cathode
Charged  particle

The  moving  electrons  and  holes  will  create
   a  signal  in  the  electric  circuit

https://summerstudents.desy.de/sites2009/site_summerstudents/content/e69118/e246497/e246514/Detectors_Summer2016_part5.pdf
http://epweb2.ph.bham.ac.uk/user/bansil/Files/Papers/ATLAS/Tracking/061013-DT2-Tea-RD50-silicon.pdf

VXD (=PXD + SVD) : Vertex  detector
6

4 layers of double-sided 
Silicon Strip Detectors
Outer Radius: 8 cm → 14 cm
Acceptance 17º < θ < 150º

Two layers of DEPFET pixels
R = 14 mm 8 ladders
R = 22 mm 12 ladders

+ new Be beam pipe, gold coated, 1 cm radius



Improved tracking performance
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At Belle II:
Boost: βγ = 0.284 → decay length of a B meson: Δz = cΔtβγ = 130 µm012345678
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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

Full event Reconstruction in Belle II

April 11, 2018 22

• 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 → µ!, B → τ!, B → K(*)!!

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

Incl. Belle II 
background
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First Bent Track in CDC+ECL+TOPFirst bent track in CDC + ECL + TOP

April 11, 2018 23



First Shower in CDC + ECL + TOP

April 11, 2018 24
 29

First Shower in CDC+ECL+TOP



Physics Topics
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Unitarity triangle(s)
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The Standard Model of particle physics
Open questions

5 April 2017 6

The Standard Model
Honest plots
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!?
!?!!!

…except that there’s plenty we 
don’t understand

Unitarity leads to constraints, e.g.
Vud*Vtd +Vus*Vts +Vub*Vtb = 0

New physics in the weak sector would 
preclude us from closing the triangle

Expected state in ~2025 (LHCb + Belle II)Current state



B → D* !"
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R(D*)
0.2 0.3 0.4

BaBar had. tag
 0.018± 0.024 ±0.332 

Belle had. tag
 0.015± 0.038 ±0.293 

Belle sl.tag
 0.011± 0.030 ±0.302 

Belle (hadronic tau)
 0.027± 0.035 ±0.270 

LHCb
 0.030± 0.027 ±0.336 

LHCb (hadronic tau)
 0.029± 0.019 ±0.285 

Average 
 0.007± 0.013 ±0.304 

S. Fajfer et al. (2012) 
 0.003±0.252 

HFLAV
FPCP 2017

/dof = 0.4/ 1 (CL = 52.00 %)2c

Bq D(⇤)

W+

q

b

q
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Flavor Anomaly in R(D) and R(D*)

Aspen 2018 - The Particle Frontier - March 25-31 31Vladimir Savinov (University of Pittsburgh) on behalf of the Belle II Collaboration

If the current 4.1V�deviation is real, Belle II should be able to make a discovery with 5/ab (i.e. around 2021)

[W�helicity provides a handle to investigate the new (virtual) particle (if confirmed)]

Flavor Anomaly in R(D) and R(D*)

Aspen 2018 - The Particle Frontier - March 25-31 31Vladimir Savinov (University of Pittsburgh) on behalf of the Belle II Collaboration

If the current 4.1V�deviation is real, Belle II should be able to make a discovery with 5/ab (i.e. around 2021)

[W�helicity provides a handle to investigate the new (virtual) particle (if confirmed)]



Lepton Flavor violation in tau decays
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Large !! production cross section in Belle II: 0.9 nb
LVF BR in SM ~10-25, could be enhanced by new physics to ~10-10-10-7

➞ Belle II will be sensitive to a large fraction of these models

t ® 3l, lh

t ® lg



Dark Matter and Dark Sector
(make it, shake it, or break it)
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At a collider: Cannot confirm 
stability on cosmic scale, an 
essential requirement for dark 
matter

But: Can find dark sector particle 
~independent of the identity of the 
particles. (Unlike most direct 
detection experiments, which 
depend on a sizable cross section 
with nuclei)
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 Probing Dark Photons and ALPs at B-factories  (Torben Ferber)

Belle II: Invisible Dark Photon decays, backgrounds
�14

Background MC, 40 fb-1  

after selection

ee→eeγ 
both electrons  

out of tracking acceptance

ee→2γ and 3γ 
1γ in ECL 90° gap 

1γ out of ECL acceptance

ee→2γ 
1γ in ECL BWD or FWD gap

ee→3γ 
1γ in ECL BWD gap 

1γ out of ECL acceptance

T. Ferber, DESY
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Visible Dark Photon Search at Belle II
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Detector signature: single photon + two tracks

A
cta

P
hys.P

olon. B
46 (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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Fig. 201: Combined projections (LDMX, Belle II) and constraints, encapsulating direct pro-

duction LDM constraints in the context of a kinetically mixed Dark Photon coupled to a

LDM state that scatters elastically (or nearly elastically) at beam–dump, missing energy, and

missing momentum experiments (Dark Photon mass mA0 = 3m� and coupling of the Dark

Photon to Dark Matter g� = 0.5 where applicable) [1708–1710]. The Belle II projection for

Phase 3 is extrapolated from the limit for Phase 2 (see Sec.16.2.1). Note that the relic density

lines assume a standard cosmological history and that there is only a single component of

dark matter, which only interacts via Dark Photon exchange.

Specific examples Let us discuss a few specific examples cases to elucidate the projected 14433

sensitivity of Belle-II. These examples are far from comprehensive, but they cover most of 14434

the search channels discussed above.14435

The first example is the search for invisibly–decaying Dark Photons A into light DM � ,14436

where A couples to the SM via the kinetic mixing parameter ✏. The projected sensitivity and14437

expected backgrounds are discussed in detail in Sec.16.2.1. Existing limits and projections14438

of future experiments searching for invisibly–decaying Dark Photons are shown in Fig. 201.14439

In case of a discovery the energy distribution of the single photon may even allow to perform14440

a dark sector ‘spectroscopy’ [? ].14441

The second example, taken from [1693], considers a new scalar mediator coupling exclu-14442

sively to leptons with coupling strength g` = ⇠S` m`/v. The presence of a light DM particle is14443

not assumed, so the mediator decays dominantly into the heaviest lepton that is kinemat-14444

ically accessible. The left panel of figure 202 shows model-independent bounds, which only14445

consider tree-level processes. In this case the leading constraints from Belle II result from14446

processes where the scalar mediator is radiated from a tau lepton in the final state (orange14447

dashed). If the mass of the scalar is below the muon threshold, its decay length can become14448

comparable to the size of the detector, leading to constraints that become weaker for smaller14449

mediator masses.14450

The right panel considers a specific UV-completion in terms of a Leptonic Two-Higgs14451

Doublet Model. In this case, it is possible to calculate the rate for loop-induced rare decays,14452

536/667

B2TIP report, in preparation 
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Projected Future Sensitivity for 
ALP searches 
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World Average: ℬ(B→Xsγ)=(3.27 ± 0.14)×10−4 (for Eγ >1.6 GeV) 
Standard Model: ℬ(B→Xsγ)=(3.36 ± 0.23)×10−4 (for Eγ >1.6 GeV) 
[Misiak et al, Eur.Phys.J. C77 (2017) no.3, 201]

Charged Higgs bound (2HDMTypeII): MH+ > 580 GeV @ 95%C.L.

P
aul, A

. and S
traub, D

.M
. J. H

igh E
nerg. P

hys. (2017) 2017: 27
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Belle II projection: 
Δℬ(B→Xsγ) = 3.2% (inclusive, leptonic tag)
Δℬ(B→Xdγ) = 14% (sum-of-exclusive)
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1 Introduction

The LHCb collaboration has recently reported hints of new physics (NP) in lepton

flavour non-universal observables RK and RK⇤ ,

RK(⇤) =
B
�
B ! K(⇤)µ+µ��

B (B ! K(⇤)e+e�)
. (1.1)

While the result for RK was presented only in the dilepton invariant mass squared, q2 2
[1 - 6] GeV2, RK⇤ has been measured in two bins, [0.045 - 1.1] GeV2 and [1.1 - 6] GeV2.

The experimental results are summarised in table 1.

Observable SM prediction Measurement

RK : q2 = [1, 6]GeV2 1.00± 0.01 [1, 2] 0.745+0.090
�0.074 ± 0.036 [3]

Rlow
K⇤ : q2 = [0.045, 1.1]GeV2 0.92± 0.02 [4] 0.660+0.110

�0.070 ± 0.024 [5]

Rcentral
K⇤ : q2 = [1.1, 6]GeV2 1.00± 0.01 [1, 2] 0.685+0.113

�0.069 ± 0.047 [5]

B (Bs ! µ+µ�) (3.57± 0.16)⇥ 10�9 [6, 7] (3.00± 0.5)⇥ 10�9 [7–9]

B (Bs ! e+e�) (8.35± 0.39)⇥ 10�14 [6, 7] < 2.8⇥ 10�7 [10]

Table 1: The observables used in our analysis along with their SM predictions and

experimental measurements. Note that the QED corrections to RK and RK⇤ in the bin

q2 = [1, 6]GeV2 were first calculated in [2]. However, no such calculation exists for RK⇤

in the bin q2 = [0.045, 1.1]GeV2.

While the deviations from the Standard Model (SM) in the individual ratios are only

at the level of 2.2� � 2.5�, the combined deviation (the exact number depends on how

one combines the 3 results) is large enough to look for NP explanations 1. For recent

studies, see [4, 13–19].

At the quark level, the decays B ! K(⇤)µ+µ� proceed via b ! s flavour changing

neutral current (FCNC) transitions. These decays are particularly interesting because

they are highly suppressed in the SM and many extensions of the SM are capable of

producing measurable e↵ects beyond the SM. In particular, the three body decay B !
K⇤µ+µ� o↵ers a large number of observables in the angular distributions of the final state

particles, hence providing a lot of opportunities to test the SM, see for example, [20–49]

and references therein for related studies.

The individual branching ratios B
�
B ! K(⇤)µ+µ�� and B

�
B ! K(⇤)e+e�

�
are pre-

dicted with comparatively larger hadronic uncertainties in the SM. However, their ratio

1Similar anomalies have also been observed in the charged current decays (B ! D(⇤)⌧⌫/B ! D(⇤)`⌫)

that call for lepton non-universal new physics. See [11, 12] for some recent studies.

1
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Revisiting B ! K⇤(! K⇡)⌫⌫̄ decays

Diganta Das,1, ⇤ Gudrun Hiller,2, † and Ivan Nǐsandžić2, ‡

1Physical Research Laboratory, Navrangpura, Ahmedabad 380 009, India
2Institut für Physik, Technische Universität Dortmund, D-44221 Dortmund, Germany

The rare decay B ! K⇤(! K⇡)⌫⌫̄ is expected to play an important role in searches for physics
beyond the Standard Model at the near future B-physics experiments. We investigate resonant and
non-resonant backgrounds that arise beyond the narrow-width approximation for the K⇤. Non-
resonant B ! K⇡⌫⌫̄ decays are analyzed in the region of low hadronic recoil, where B ! K⇡
form factors from Heavy-Hadron-Chiral-Perturbation Theory are available. In a Breit-Wigner-type
model interference-induced e↵ects in the K⇤ signal region are found to be sizable, as large as 20% in
the branching ratio. Corresponding e↵ects in the longitudinal polarization fraction FL are smaller,
at most around few %. E↵ects of the broad scalar states K⇤

0 and  are at the level of percent in
the branching fraction in the K⇤ signal region and negligible in FL. Since the backgrounds to FL

are small this observable constitutes a useful probe of form factors calculations, or alternatively, of
right-handed currents in the entire q2-region. The forward-backward asymmetry in the K⇡-system,
AK

FBL, with normalization to the longitudinal decay rate probes predominantly S,P-wave interference
free of short-distance coe�cients and can therefore be used to control the resonant and non-resonant
backgrounds.

I. INTRODUCTION

The rare semi-leptonic hadron decays induced by |�B| = |�S| = 1 flavor changing neutral currents are sensitive
probes of the Standard Model (SM) and beyond. The transitions b ! s`

+
`
�, where ` = e, µ, have been the subject of

extensive theoretical and experimental studies in the past several decades [1, 2]. The main theoretical challenges for
the reliable extraction of Wilson coe�cients from the experimental data arise from the requirement of the quantitative
understanding of QCD backgrounds at large distances. To test the SM and to improve the understanding of theoretical
uncertainties one can pursue studies with b ! s⌫⌫̄ transitions, which are related by SU(2)L to b ! s`

+
`
� but not

being subjected to sizable electromagnetic contributions from charm quarks. While dineutrino modes are theoretically
better understood, they are experimentally more challenging, and have not been observed to date. One can expect,
however, that exclusive dineutrino modes with SM branching ratios of ⇠ 10�5 will be observed and probed at the
forthcoming Belle II experiment [3, 4]. The current best limit is from the Belle collaboration and reads, at 90 %
confidence level, [5]

B(B ! K
⇤0
⌫̄⌫) < 1.8⇥ 10�5

, (1)

which is just around the corner of the SM prediction. Dedicated studies of the impact of new physics on b ! s⌫⌫̄

processes can be found in the recent literature [6–10], see also [11, 12]. Here we focus on B
0 ! K

0⇤(! K⇡)⌫⌫̄ decays
and analyze the interplay of the SM induced backgrounds for a K

⇤-meson beyond the narrow-width approximation
(NWA). Corresponding e↵ects in B ! K

⇤(! K⇡)`+`� decays from scalar states and non-resonant contributions have
been investigated previously in [13–15] and [16, 17], respectively. Interestingly, the S-wave fraction in B ! K

⇤(!
K⇡)µ+

µ
� has recently been measured by the LHCb collaboration [18].

We consider only decays of neutral B-mesons and omit the charge indices throughout; the corresponding decays of
charged B-mesons are additionally impacted by tree level charged currents via a resonant tau lepton [19].

After setting the notation in Sec. IIA, we give amplitudes and distributions for an asymptotic final state K
⇤ in

Sec. II B. In Sec. III we work out e↵ects from intermediate scalar mesons K⇤
0 and , which contribute to the creation

of the outgoing K⇡ pair beyond the NWA for K⇤. Non-resonant B ! K⇡⌫⌫̄ contributions for a K⇡-mass around the
one of the K

⇤ are analyzed in Sec. IV. In Sec. V we conclude. Auxiliary information is deferred to three appendices.

⇤ Electronic address:diganta@prl.res.in
† Electronic address:ghiller@physik.uni-dortmund.de
‡ Electronic address:ivan.nisandzic@tu-dortmund.de
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• 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.

2

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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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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Quarkonium Spectroscopy
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First discoveries of long-predicted conventional quarkonia
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Quarkonium Spectroscopy

39

First discoveries of long-predicted conventional quarkonia
Many discoveries are difficult to explain by quarkonium model
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Quarkonium Spectroscopy

40

First discoveries of long-predicted conventional quarkonia
Many discoveries are difficult to explain by quarkonium model
Several states have non-zero charge, cannot be a cc/bb pair

April 11, 2018
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The SuperKEKB accelerator has completed upgrades to eventually 
produce 50 times the Belle data sample.

The Belle II detector has been upgraded to carry out the physics 
program at this machine.

The physics program has the potential to make many important 
contributions to particle physics over the next ~10-15 years

Competition with LHCb will keep both experiments on their toes

Belle II has a clear advantage for measuring decays with missing energy

Searches for dark sector particles will happen in a mass window that is 
complementary to the searches at ATLAS and CMS

The detector is ready for first collisions in SuperKEKB, and the 
collaboration looks forward to an exciting time ahead
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 Probing Dark Photons and ALPs at B-factories  (Torben Ferber)

Recoil photon

ALP→2 photons

Belle II: Axion-Like Particles decaying to photons
�16

• Axion-like particles (ALPs) are 
pseudo-scalars and couple to bosons. 
Unlike QCD Axions, ALPs have no 
relation between mass and coupling.  

• Focus on coupling to photons (gaγγ). 

• B-decays give access to coupling to 
charged bosons (need rather large 
datasets ≫1ab-1 to improve). 

• No Belle or BaBar analysis yet.
a

γ
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Dark Sector and other low multiplicity New Physics searches and the associated trigger menu (Torben Ferber) 28

L1 trigger planning

▸ Phase 2 (optimistic 4×1034 cm-2/s, 2×Belle) 

▸ 8 kHz (5% nominal luminosity), 200 nb accepted cross section at L1 

▸ Target: 200 nb after HLT (100 %)  

▸ 2019 (4×1034 cm-2/s, 2×Belle) 

▸ 8 kHz (5% nominal luminosity), 200 nb accepted cross section at L1 

▸ Target: 19.2 nb after HLT (9.6 %)  

▸ 2020 (2×1035 cm-2/s, 10×Belle) 

▸ 20 kHz in 2020 (25% nominal luminosity),  
117 nb accepted cross section at L1. 

▸ Target: 12.6 nb after HLT (10.7%)

5 nb basic physics (BB̄, qq̄, tau pairs)

4 nb μ+μ- and γγ  

5 nb e+e-e+e- and e+e-μ+μ- 

40 nb wide-angle Bhabhas [17°,150°]

63 nb debris from low-angle Bhabhas 

117 nb total 

Rather easy at HLT
Hard even at HLT

Axion-like Particles coupling to photons

April 11, 2018 45

 Probing Dark Photons and ALPs at B-factories  (Torben Ferber)

Recoil photon

ALP→2 photons

Belle II: Axion-Like Particles decaying to photons
�16

• Axion-like particles (ALPs) are 
pseudo-scalars and couple to bosons. 
Unlike QCD Axions, ALPs have no 
relation between mass and coupling.  

• Focus on coupling to photons (gaγγ). 

• B-decays give access to coupling to 
charged bosons (need rather large 
datasets ≫1ab-1 to improve). 

• No Belle or BaBar analysis yet.
a

γ
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γ

γ
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Dark Sector and other low multiplicity New Physics searches and the associated trigger menu (Torben Ferber) 14

Axion-Like Particles (ALPs)
▸ Key issues for early running: 

▸ Single photon trigger for invisible 
and very long lived decays. 

▸ The two photons from the ALP 
decay are reconstructed as single 
ECLCluster for ma→0: Event looks 
like ee→γγ for L1 trigger. 

▸ Delay ee→γγ until HLT if 
possible, instead of large L1 
prescale that kills physics.

Low mass selection, min 1 ECL crystal
Low mass selection, min 2 ECL crystals
Low mass selection, min 4 ECL crystals
High mass selection
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Figure 6: Belle II 3� e�ciency as function of ALP mass after the final selection. The

di↵erent low mass selections correspond to a minimum photon separation of 1, 2, and 4

crystals in the ECL which is an approximation for the expected performance of an improved

reconstruction, the default reconstruction and the reconstruction in the first trigger level

(see text for details).

⌘0 masses (our analysis is not sensitive to ma ⇡ m⇡). In the actual analysis a full study

of these backgrounds should be included. Finally, we assume that both beam backgrounds

and pair conversion backgrounds can be reduced to a negligible level using the selections

described above, without significantly a↵ecting the signal selection e�ciency.

Our event selection requires three photons with a CM energy E⇤ > 0.25GeV and a

polar angle in the laboratory frame 17� < ✓lab < 150�. The invariant mass of the two

photons from the ALP decay will peak at the ALP mass. We perform the sensitivity study

twice, once using all three possible photon pair combinations (high mass selection) and

once using only the photon pair combination with the lowest invariant mass (low mass

selection). The latter has a smaller signal e�ciency especially at higher ALP masses but a

lower combinatorial background. For the three photon combination case we select events

where the maximum absolute cosine of the three helicity angles is less than 0.9, and for

the two photon combination case we keep events where the absolute cosine of the helicity

angle is less than 0.6. These selection criteria maximize the ratio of
p
S/B, where S is the

number of signal events and B is the number of background events, after all other selection

criteria have been applied. It should be noted that the helicity selection criteria not only

reduce e+e� ! ��� backgrounds, but will also suppress backgrounds from e+e� ! ��

combined with a random third photon from beam backgrounds. We require that all three

photons are separated by at least 2ECL crystals in both polar and azimuthal direction.

We do not constrain the three photon invariant mass to the collision energy since our

MadGraph signal Monte Carlo does not include additional photon radiation whereas the

background Monte Carlo does.

We finally select candidates within [�3�m2 ,+1.5�m2 ] around the generated ALP mass,

where �m2 is the invariant mass resolution of the decay photon pair. For high mass ALPs we

select events within [�3�� ,+1.5�� ] around the expected recoil photon energy (see equation

5.1) instead. The ranges contains about 85% of the previously selected signal events. The

signal e�ciency after all selections is flat and about (35–40)% ((50–55)%) for the two

– 19 –
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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- → !+!-) = 0.9 nb

Cross sections 
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Beam-gas scattering
Scattering by remaining gas, rate • ∝ lxP
Vacuum level at • SuperKEKB will be 
similar to KEKB
Vacuum level in IR region could be •
worse than KEKB, but scattered 
particles will be lost far downstream of 
the IP and not enter the detector

Background sources 
~1. Scattered beam particles~ 

8

Touschek scattering
– Intra-bunch scattering, Rate∝(beam size)-1,(Ebeam)-3

– Most dangerous  background at SuperKEKB,

since beam size is  x20 smaller (“Nano-beam scheme”)

Beam-gas scattering
– Scattering by remaining gas, Rate ∝IxP
– Vacuum level at SuperKEKB will be similar to KEKB,

so less dangerous compared to Touschek scattering

– Vacuum level in IR region could be worse than KEKB, but particles scattered in 
IR region will be lost far downstream IP and will not be dangerous for the 
detector

Hiroyuki Nakayama (KEK) TIPP2011 (June. 11th, 2011)
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Synchrotron radiation
• Rate ∝ E2B2: Mainly from HER
• Photons are emitted inside upstream final 

focusing magnet
• Hit IP beam pipe and penetrate

• Mediation: Gold coating of beam pipe

Background sources (cntd.)
~3. Synchrotron radiation~

Synchrotron radiation
– Rate ∝ E2B2: mainly from HER

– Photons are emitted inside upstream final focusing magnet 

!hit IP beam pipe (Be) and penetrate ! reach PXD/SVD

Back-scattering synchrotron radiation
– At Belle, e+/e- are strongly bent by downstream magnet and emit SR.  

These photons hit downstream beam pipe and scattered back to detector. 

– At Belle-II, such strong bend does not exist.  We don’t have to worry 
about this background.

Hiroyuki Nakayama (KEK) TIPP2011 (June. 11th, 2011) 17

Back-scattering synchrotron radiation
• Beams are strongly bent by downstream 

magnet and emit synchrotron radiation
• Photons can hit the downstream beam pipe 

and scatter back into the detector
• At Belle II, much less bending close to the 

detector than in Belle


