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Belle The	B	Factories 
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On-resonance Off-resonance 

•  Belle	at	KEKB	
				BABAR	at	PEP-II	
•  Very	high	luminosity:	

–  ~2x1034/cm2/s	(Belle)
(twice	the	design	value)	

•  Asymmetric	beams:	
–  8GeV	e-/3.5	GeV	e+	(Belle)	
				→	Boosted	BB	pairs		
									(→	Fme	dep.	CPV) 

BaBar,	PRD	72,	
032005	(2005) 
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Belle-II Goal: 40 x present = 4 x 1010 BB pairs  ...but how to do it?	
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Chapter 1

Physics Motivation

In this chapter, we give an overview of the physics
motivation for the SuperKEKB asymmetric B factory.
The overview covers the e+e� environment, achieve-
ments at Belle, and the range of physics achievable at
SuperKEKB with the Belle II experiment. The Su-
perKEKB physics program is diverse, and the range of
physics topics that can be studied is very broad. This
chapter provides justifications for the design integrated
luminosity, and plans for running at di⇥erent centre-of-
mass energies.

1.1 Overview

The SuperKEKB facility designed to collide electrons
and positrons at centre-of-mass energies in the regions
of the � resonances. Most of the data will be collected
at the �(4S) resonance, which is just above thresh-
old for B-meson pair production where no fragmenta-
tion particles are produced. The accelerator is designed
with asymmetric beam energies to provide a boost to
the centre-of-mass system and thereby allow for time-
dependent charge-parity (CP ) symmetry violation mea-
surements. The boost is slightly less than that at KEKB,
which is advantageous for analyses with neutrinos in the
final state that require good detector hermeticity.

SuperKEKB has a design luminosity of 8 ⇥
1035cm�2s�1, about 40 times larger that of KEKB. This
luminosity will produce 5 ⇥ 1010 b, c and � pairs, at a
rate of about 10 ab�1 per year (see Table 1.1).

1.1.1 The Intensity Frontier

The Standard Model (SM) is, at the current level of ex-
perimental precision and at the energies reached so far,
is the best tested theory. Despite its tremendous success
in describing the fundamental particles and their inter-

Table 1.1: Beauty, �, charm and � yields. Per year
integrals are at design luminosity and are for guidance
only.

Channel Belle BaBar Belle II (per year)
BB̄ 7.7⇥ 108 4.8⇥ 108 1.1⇥ 1010

B(⇥)
s B̄(⇥)

s 7.0⇥ 106 � 6.0⇥ 108

�(1S) 1.0⇥ 108 1.8⇥ 1011

�(2S) 1.7⇥ 108 0.9⇥ 107 7.0⇥ 1010

�(3S) 1.0⇥ 107 1.0⇥ 108 3.7⇥ 1010

�(5S) 3.6⇥ 107 � 3.0⇥ 109

�� 1.0⇥ 109 0.6⇥ 109 1.0⇥ 1010

actions, excluding gravity, it does not provide answers
to many fundamental questions.

The SM does not explain why there should be only
three generations of elementary fermions and why there
is an observed hierarchy in the fermion masses. The
masses and mixing parameters of the SM bosons and
fermions are not predicted and must therefore be de-
termined experimentally. The origin of mass of funda-
mental particles is explained within the SM by spon-
taneous electroweak symmetry breaking, resulting in a
scalar particle, the Higgs boson. However, the Higgs bo-
son does not account for neutrino masses. It is also not
yet clear whether there is a only single SM Higgs boson
or whether there may be a more elaborate Higgs sector
with other Higgs-like particle as in supersymmetry or
other NP models.

Studies of symmetries have often illuminated our un-
derstanding of nature. At the cosmological scale, there
is the unresolved problem with the matter-antimatter
asymmetry in the universe. While the violation of CP
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Belle

How	to	achieve	40x	luminosity?		
Super-KEKB 

5 

(0.01-0.02) 

(0.8-1.0) 

beam size:  100 µm(H) x 2 µm(V) → 10 µm(H) x 59 nm(V) 

83mrad 



Belle KEKBàSuperKEKB	

e- 2.6 A 

e+ 3.6 A 

To get 40x higher luminosity	

Colliding bunches 

Damping ring 

Low emittance gun 

Positron source 

New beam pipe 
& bellows 

Belle II 

New IR 

TiN-coated beam pipe 
with antechambers 

Redesign the lattices of HER & 
LER to squeeze the emittance  

Add / modify RF systems 
for higher beam current 

New positron target / 
capture section 

New superconducting /
permanent final focusing  
quads near the IP 

Low emittance 
electrons to inject 

Low emittance 
positrons to inject 

Replace short  dipoles 
with longer ones (LER) 
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Belle SuperKEKB	and	Belle	II 
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Belle	II 

SuperKEKB	main	ring 

Injector 

Damping	ring 



Belle Belle	II	collaboraFon 
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Base	on	Belle	collaboraFon.	Many	people	from	Belle	and	Babar.	 
678	colleagues,	103	insFtuFons,	25	countries/regions 

hAp://belle2.kek.jp 



Belle Requirements	for	detector 

•  Higher	beam-related	and	QED	backgrounds	
•  L1	trigger	rate	30kHz	vs	500Hz	for	Belle	

–  Stability	to	high	background;	fast	readout	
–  BeAer	performance	(vertex	resoluFon,	tracking,	PID,	esp.	
improve	K/π	separaFon)	

–  …...	
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Belle Belle	II	detector 

•  Main	structure	and	
magnet	are	reused	

•  ECL	and	KLM	are	
mostly	reused	

•  Vertex,	drij	
chamber,	PID,	
parFally	KLM	are	
upgraded	

•  All	electronics	are	
replaced 
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Belle	II	is	built	on	the	base	of	Belle 



Belle BELLE	II:	VXD 
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Belle 

Belle	II 

•  Layers	1-2:	Pixel	detectors	(PXD)	
•  Layers	3-6:	Strip	detectors	(SVD)	
•  Smallest	radius	14mm	(vs	20mm	

for	Belle)	
•  Largest	radius	135mm	(vs	88mm	

for	Belle)	
•  Much	lower	momentum	tracking	

can	be	tracked 



Belle Belle	II:	CDC 
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Much	beAer	momentum	and	dE/dx	
resoluFon	than	Belle	CDC	 



Belle Belle	II:	TOP 

•  The	imaging	Time	of	PropagaFon	sub-
detector	(TOP)	will	be	used	for	parFcle	
idenFficaFon	in	the	barrel	region	of	Belle	
II	

•  Each	TOP	module	consists	of	two	quartz	
bars,	one	mirror,	one	prism,	and	an	array	
of	photo-detectors	to	collect	Cerenkov	
photons	from	charged	tracks		

•  To	disFnguish	between	kaons	and	pions,	
the	photo-detectors	should	have	
excellent	posiFon	and	Fming	resoluFon	

•  This	is	achieved	by	using	MCP-PMTs	and	
new	waveform	sampling	electronics 
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Belle BELLE	II:	TOP	 
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•  TOP	modules	have	been	tested	at	beam	test	at	SPring-8	LEPS	in	2013,	and	good	agreement	
between	data	and	MC	simulaFon	has	been	obtained,	with	Fming	requirement	~O(100ps)	

•  All	16	modules	have	been	assembled	(the	opFcal	and	mechanical	parts).		
•  TransportaFon	of	three	modules	to	Tsukuba	hall	took	place	in	early	Feb.	2016,	one		module	has	

been	installed	in	the	Belle	II	detector	on	Feb.	10	successfully,	another	15	modules	will	be	installed	
over	the	next	several	months.	 



Belle InstallaFon	of	first	TOP	module 
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1 

2 3 4 



Belle BELLE	II:	ARICH 
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•  Aerogel	Ring	Imaging	Cherenkov	
(ARICH)	detector	will	be	used	for	
parFcle	idenFficaFon	in	the	
forward	end	cap	

•  420	Hybrid	Avalanche	Photo	
Detectors	(HAPD),	each	with	144	
channels	

•  Two	layers	of	aerogel	lead	to	beAer	
photon	yield,	while	not	affecFng	
resoluFon	 

ARICH	testbeam:	K/π	separaFon	(3GeV)	at	5σ ARICH	simulaFon:	likelihood	of	K/π	ID 



Belle BELLE	II:	ECL 
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•  Upgrades	for	high	
backgrounds:	
–  Barrel:	CsI(Tl)	crystals	

reused,	new	electronics	for	
waveform	sampling		

–  Endcaps:	old	crystals	
refurbished,	bias	filter	is	
modified	

•  Hardware	tests	have	been	
carried	out	in	the	past	years	
–  pure	CsI	+	APD	can	fit	the	

requested	performance	in	
terms	of	signal	to	noise	
raFo	

•  FE	electronics	has	been	
developed	for	the	readout	of	
the	system	

Expected	performance 



Belle BELLE	II:	KLM 

•  Replace	RPCs	in	the	endcaps	and	two	inner	barrel	layers	with	
scinFllator	(strips	with	WLS	fibers	and	MPPC	detectors).	

•  InstallaFon	completed.	
–  Barrel	:	2013	
–  End-cap	:	2014	summer	
–  Pol.	shield	:	2015	spring	
–  Checking	raw	signal	done. 
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The	outermost	detector	for	KL	–	μ	detecFon 



Belle When	will	Belle	II	experiment	start? 
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I.	Adachi 



Belle When	will	Belle	II	experiment	start? 
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I.	Adachi 



Belle Physics	Prospects	at	Belle-II	 
•  ExoFcs	state	and	Tetraquark	search	and	study.	
•  Precise	CKM	measurements.	
•  RadiaFve	and	electroweak	decays		bà	sγ , bà	dγ and b→	

sl+l-		to	probe	new	physics.	
•  Measuring	direct	CPV	with	B→ Kπ.
•  D0-D0	mixing	and	CPV	search.	
•  Search	for	τ rare	decay.	
•  …...	(more	details	in	back	up)	
•  Many	key	observables	are	accessible	only	at	the	e+e−	B	

factories,	The	advantage	of	the	clean	environment	at	
SuperKEKB	is	clear.	

•  Belle	II	will	be	complementary	and	compeFFve	with	LHCb	

21 



Belle

Measuring	direct	CPV		
with	B→ Kπ	

 
B0→ K+π- 
 

 
B+→ K+π0 
 

diagrams identical except for “spectator” quark 
 ⇒ strong and weak phases are the same, ACP should be the same and 

equal for neutral and charged B meson decays 22 



Belle

Measuring	direct	CPV		
with	B→ Kπ	

But they are not:  (Belle, Nature 452, p332, 2008): 

ACP(K+π-) = 

  -0.069 ± 0.016 (Belle)  

  -0.107 ± 0.017   (Babar) 

  -0.083 ± 0.013   (CDF)

  -0.080 ± 0.008   (LHCb)   

ACP(K+π-) - ACP(K+π0) =   -0.122 ± 0.022  

      (5.6σ difference from zero)  

 
B0→ K+π- 
 

 
B+→ K+π0 
 

ACP(K+π0) = 

  +0.043 ± 0.024   (Belle)  

  +0.030 ± 0.040   (Babar)  
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Belle Belle	II	Prospects	for	τ		
τ+→ µ+γ 	

τ+ → µ +µ +µ –  

upper half of signal 
ellipse dominated by 

 ee→ µµ γISR  
⇒ possible to reduce 
⇒ sensitivity scales 

 with √L 

very clean, essentially 
background-free up to 
50 ab-1   
⇒ sensitivity scales 

 linearly with L 
predicted(BF(for������in(various(models(
� Various(models(predict(BF(for(�����(

reference ����� ����� 

SM + heavy Maj �R 
PRD 66(2002)034008 10-9 10-10 

Non-
�����	����� PLB 547(2002)252 10-9 10-8 

SUSY SO(10) PRD 68(2003)033012 10-8 10-10 

mSUGRA+seesaw PRD 66(2002)115013 10-7 10-9 

SUSY Higgs PLB 566(2003)217 10-10 10-7 

These(numbers(are(the(most(optimistic(case.(

Our(sensitivity((~10?8)(reaches(possible(region(to(find(�(LFV!(

8th/Mar/2012( 3(KEK(FF(workshop(

Upper Limits:  
σ(ee→ ττ) = 0.92 nb           ⇒ 
4.6 x 1010 τ+τ-  in 50 ab-1   
⇒ B(τ+→ µ+γ )	<	~10-9	
⇒ B(τ+→ µ+µ-µ + )	<	~10-10	
This probes NP models 

arXiv.	1002.5012 
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Belle Summary 
•  B-factories have been achieving a tremendous 

success that lead to the confirmation of the Standard 
Model (SM) in the quark flavor sector 

•  Major upgrade at KEK in 2010-16 à Super B factory: 
L x 40. The target integrated luminosity for physics 
data is 50 ab-1, which is much larger than the current 
Belle data set. 

•  Belle will be upgraded to Belle II, many detector 
components and most electronics will be replaced. 

•  The physics program at Belle II is complementary	to	
those	studied	at	LHCb,		it	will	be	a	good	place	to	probe	new	
physics	and	will	produce	some	rich	and	significant	results 
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Belle Back	up 
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Belle
Why	Belle	II? 
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arXiv:1002.5012 (Belle II) 
hAps://d2comp.kek.jp/record/230?ln=en   



Belle
Why	Belle	II? 
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•  Most	of	key	observables	are	accessible	only	at	the	e+e−	B	factories	
•  The	advantage	of	the	clean	environment	at	SuperKEKB	is	thus	clear.	
•  The	B	physics	program	at	hadron	colliders	has	its	own	unique	measurements	

that	are	not	accessible	at	e+e−	B	factories	(e.g.	rare	Bs	decays	such	as	Bs	→	μ+μ−)	

arXiv:1002.5012 (Belle II) 
hAps://d2comp.kek.jp/record/230?ln=en   



Belle

Constraining	the	CKM	Unitarity	
Triangle:	
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A main physics goal is to substantially reduce 
the uncertainties on the CKM UT triangle 
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12th		FPCP	Alan’s	talk	 



Belle

RadiaFve	and	electroweak	decays		
bà	sγ , bà	dγ and b→	sl+l-		

1-loop suppressed in SM  ⇒ esp. sensitive to NP: 

b	 s	
W±	

u,	c,	t	
Vqb	 Vqs	

γ

b	 s	

u,	c,	t	
X	 Y	

H±	

γ

Many observables that probe new physics: 
 
•  measurement of inclusive B→	Xs	γ and B→	Xd	γ branching fractions 
•  direct CPV in B→	Xs	γ, B→	Xs	l+l-  •  forward-backwards asymmetry and q2 dependence in B→	Xs	l+l- 

•  exclusive B→	K*γ  and B→	ργ  branching fractions 
•   forward-backwards asymmetry and q2 dependence in B→	K*	l+l- •  direct CPV in B+→	K*+ γ 
•  time-dependent CPV in B0→	K*0γ , B0→	ρ0γ 

•   measurement of photon polarization with photon conversion
•  lepton flavor dependence in b→	sl+l-

(inclusive: John Walsh’s talk 
 exclusive: A. Ishikawa’s talk) 
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Belle D0-D0	mixing	and	CPV:
Expected Uncertaintes (M. Staric, KEK FFW14):  

Note: statistical error and some systematics scale by luminosity, but other 
systematics do not. 

Analysis Observable Uncertainty (%)

Now (∼ 1 ab−1) L = 50 ab−1

K0
S π+π− x 0.21 0.08

y 0.17 0.05

|q/p| 18 6

φ 0.21 rad 0.07 rad

π+π−, K+K− yCP 0.25 0.04

AΓ 0.22 0.03

K+π− x′2 0.025 0.003

y′ 0.45 0.04

|q/p| 0.6 0.06

φ 0.44 0.04 rad
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Belle CPV	search	in	the	D0-D0	system:

Current measurements of x, y give many constraints on NP models 
[see Golowich et al., PRD76, 095009 (2007); 21 models considered, e.g., 2-Higgs doublets, 
left-right models, little Higgs, extra dimensions, of which 17 give constraints] 

Now: 

x (%)
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50 ab-1: 
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  CHARM 2013 
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A.	Schwartz’	talk	(12th	FPCP) 



Belle CPV	search	in	the	D0-D0	system:
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Note: LHCb will dominate most of these measurements, but Belle II should be competitive in 
yCP and possibly in x’2, y’, |q/p|, φ  (see Staric, KEK FFW14). If LHCb sees new physics, it 
would be important for Belle II to independently confirm. 

Now: 50 ab-1: 
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