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Outline	

•  The	mystery	of	flavor	

•  Legacy	of	the	e+e-	B	factories	
–  ValidaLon	of	CKM	picture	

–  unresolved	quesLons	

•  Physics	goals	of	Belle	II	
–  broad	program:	B,	charm,	tau,	dark	forces,	EW	

•  SuperKEKB	and	Belle	II	status	
–  Design	and	construcLon	
–  Commissioning	
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Flavor	–	why?	
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CKM	picture	
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•  Mis-alignment	of	weak	and		
mass	eigenstates;	only		
known	source	of	flavor-	
changing	interacLon	

•  Imaginary	phase	!	only		
known	source	of	CP		
(and	T)	violaLon	

•  Unitarity	condiLons	correspond	
to	triangles	in	complex	plane	



CKM	picture	

•  CP	asymmetries	measure	
the	angles	φ1,	φ2,	φ3	

•  Tree-level	decays		
measure	|Vub/Vcb|	

•  BB	oscillaLons	measure	
|Vtd/Vts|	≈	|Vtd/Vcb|	
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Asymmetric	e+e-	B	factories	
•  Goal	–	measure	Lme-dependent	CP		

asymmetries	in	B	decays	

•  σ(e+e-	!	ϒ4S	!	BB)	=	1.05	nb;		
produces	quantum-correlated		
BB	pair	with	pB	≈	0.06	mB	

•  InnovaLon	of	Pier	Oddone	–	boost		ϒ4S	system	along	beam	line	to	make		
B	meson	decay	,me	difference	measurable	

Choose	beam	energies	to	give	βγ≈0.5	!	Δz≈200µm	

•  This,	plus	high	luminosiLes	(>1034/cm2/s),	enabled	a	rich	legacy	of	
discovery	
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Selected	highlights	from	BaBar	and	Belle	
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Slide	from	Florian	Bernlochner	

ObservaLon	of		
exoLc	Z+(4430)	

ObservaLon	of		
exoLc	X(3872)	

=	FCNC	
process	



Impact	of	B	factories	and	LHCb	
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•  Comprehensive	measurements	of	CP	asymmetries,	BB	oscillaLons	and		
|Vub/Vcb|	overconstrain	the	unitarity	triangle	

–  CP	asymmetries	sensiLve	to	each	angle	in	the	Unitarity	Triangle	measured		

–  >60	pages	of	CP	asymmetry	measurements	in	PDG	lisLngs	

"	CKM	picture	firmly	established	

•  Precision	measurements	are	sensiLve	to	New	Physics	

–  leptonic	decays	(e.g.	Bd,s	!	µ+µ-)		

–  EW	radiaLve	decays	(b	!	s/d	γ,	b	!	s/d	l+l-,	b	!	s/d	νν)	

•  DD	mixing	and	charm	CP	asymmetries	probe	NP	

•  New	exoLc	hadron	states	established	(confirmed	and	augmented	with	
measurements	at	hadron	colliders	and	BES-III)	

•  Decays	to	final	states	D(*)τν	deviate	from	expectaLons	



CP	asymmetries	from	a	few	dozen	selected	channels	
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Non-charmonium	
channels	with	
precise	measured	
CP	asymmetries	

Channels	
sensiLve	to	
sin(2βeff)	



CKM	unitarity	–	then	and	now	
•  Comprehensive	measurements	of	CP	asymmetries,	oscillaLons	and		

|Vub/Vcb|	overconstrained	unitarity	triangle	and	established	CKM	picture	

•  Precision	measurements	are	sensiLve	to	deviaLons	from	BSM	physics	
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(Some)	Unresolved	quesLons	
•  CKM	picture	established,	but	bounds	on	NP	

sLll	weak:	e.g.,	NP	amplitude	in	|ΔB=2|	
transiLons	can	be	~20%	for	arbitrary	phases	
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68%	

95%	

•  BaBar,	Belle	and	LHCb	all	see	
enhanced	rates	for	decays	into	
D(*)τν	final	states	

•  All	measurements	exceed	SM	



ExoLc	hadrons	

•  Belle	discovered	charmonium-like	X(3872)	!	J/ψ	π+π-	in	2003;	
first	of	many	states	that	don’t	fit	into	qqq	or	qq	spectrum	

•  Z(4430)-	!	ψ’	π-	discovered	by	Belle	in	2007;	clearly	exoLc	
and,	as	LHCb	shows,	clearly	resonant	

•  Pentaquark	(qqqqq)	established	in		
J/ψ	p	by	LHCb	in	2015	

•  Spurred	lots	of	theoreLcal	acLvity:		
n-quark	states,	meson	molecules,	etc.	

•  Nothing	here	breaks	QCD,	but	it’s	fun		
to	see	that	nature	is	not	“confined”	to		
the	simplest	structures	
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Argand	diagram	for	Z-(4430):	
m2(ψ’π-)	increases	counterclockwise	



Physics	goals	for	Belle	II	
•  Belle	II	and	LHCb	are	complementary:	where	they	measure	the	same	

quanLLes,	systemaLc	uncertainLes	are	different;	each	has	unique	capabiliLes	

•  In	contrast	to	the	iniLal	B	factories,	where	the	moLvaLon	was	to	measure	CPV	
in	the	BdBd	meson	system,	the	moLvaLons	for	Belle	II	are	more	democraLc:	

–  CPV	asymmetries,	Unitarity	Triangle	constraints	

–  FCNC	decays	(b	!	s/d	l+l-,	s/d	νν)	

–  B	decays	to	3rd-generaLon	leptons	(e.g.	D(*)τν)	

–  LFV	in	τ	decays	

–  Dark	forces	

–  D	mixing,	CPV	

–  precision	EW	(sin2θW)	

–  …	
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CKM	unitarity	–	now	and	then	
•  Projected	improvement	in	measurements	of	sides,	angles	
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|Vqb|	–	what	gives?	
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Compare	CPV	in	tree	and	penguin	modes	

•  CP	asymmetry	~same	for	b!ccs	and	b!sss	in	SM;	not	for	NP	
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The decays to CP eigenstates dominated by b ! sq̄q
penguin transitions (Fig. 17.6.4) also can be used for sin 2�1

measurements in the SM. Similar to Eq. (17.6.4), the dom-
inant penguin contribution has the same phase as that in
the b ! cc̄s tree diagram, and the sub-dominant term is
suppressed. Any deviation of S from the b ! cc̄s decay
(beyond theoretical uncertainty) is a clear indication of
the e↵ect of NP. The decays proceeding via b ! ss̄s pen-
guin diagrams, such as B0 ! �K0, K0

SK0
SK0

S , and ⌘0K0,
have a small theoretical uncertainty on S due to the lack
of a tree amplitude contribution. These decays are partic-
ularly promising for future new physics searches.

b s

q

q

Figure 17.6.4. Penguin diagram of b ! qqs.

Measurements of sin 2�1 have a four-fold ambiguity in
�1: �1 $ ⇡/2 � �1, �1 + ⇡ and 3⇡/2 � �1 (all these four
values result in the same sin 2�1). The �1 $ ⇡/2 � �1

and 3⇡/2��1 ambiguity can be resolved in one of several
ways: the full time-dependent angular analysis of vector-
vector final states such as B0 ! J/ K⇤0[K0

S⇡
0]; time-

dependent Dalitz analysis of three-body decays; time-
dependent Dalitz analysis of D0 ! K0

S⇡
+⇡� in B0 !

D(⇤)0h0; and time-dependent measurements in two sepa-
rate Dalitz regions in B0 ! D⇤+D⇤�K0. Using these mea-
surements the ambiguity is partially resolved and only the
two fold ambiguity �1 ! �1 +⇡ remains, which cannot be
resolved by a single measurement. When combining with
other CKM measurements, one can clearly see which of
the two remaining solutions is ruled out. See Chapter 25
for details.

The following sections describe the di↵erent measure-
ments of �1 made at the B Factories.

17.6.3 �1 from b ! cc̄s decays

The decays to CP eigenstates via a b ! cc̄s transition
include B0 decays to charmonium (cc̄) and a K0

S or K0
L.

These modes have experimentally clean signals, and large
signal yields are expected due to relatively large branch-
ing fractions (they are CKM favored, though color sup-
pressed73). These decays are also theoretically very clean
for �1 determination, i.e., the deviation due to the contri-
bution of penguin diagrams with a di↵erent CKM phase
is expected to be at the  1% level (H. Boos and Reuter,

73 Each of the two quarks (c̄s) from the virtual W is paired
with the quark originating from the initial state (bd̄) to form a
hadron. Since hadrons have to stay color-neutral, the color of
c̄ and s must match that of b and d̄. Therefore the overall am-
plitude is 1/number-of-colors smaller than the decays in which
W ⇤ ! q̄q0 hadronize by themselves.

2004, 2007). As a result the B0 ! J/ K0
S decay is called

a “Golden mode”.

Since the observation of CP violation in B decays
and the precise measurements of sin 2�1 are the primary
goals of the asymmetric B Factories, the measurements
made using b ! cc̄s modes were performed shortly after
data taking commenced, and have been updated several
times during the course of data taking. Both B Facto-
ries have updated their measurements using the whole
data sample collected by each experiment. BABAR (Au-
bert, 2009z) uses 465 ⇥ 106 BB, while Belle (Adachi,
2012c) uses 772⇥106 BB pairs. For �1 measurements with
b ! cc̄s decays, the B0 decays to the final states J/ K0

S ,
J/ K0

L,  (2S)K0
S , �c1K0

S , ⌘cK0
S , and J/ K⇤(890)0[K0

S⇡
0]

are used. The J/ K0
L state is CP -even, and J/ K⇤(890)0

is an admixture of two CP states. All the others are CP -
odd states.

The J/ and  (2S) mesons are reconstructed via their
decays to `+`� (` = e, µ). For decays to an e+e� final
state, photons near the direction of the e± are added to
recover the energy lost by radiated bremsstrahlung. The
 (2S) mesons are also reconstructed in the J/ ⇡+⇡� fi-
nal state. The �c1 mesons are reconstructed in the J/ �
final state, and these photons must not be consistent with
photons from ⇡0 decays. The ⌘c mesons are reconstructed
in the K0

SK+⇡� final states, and the regions that con-
tain the dominant intermediate resonant states in K+⇡�
and K0

SK+ are selected. Candidate K0
S mesons are recon-

structed via decays to the ⇡+⇡� final state. For the B0 !
J/ K0

S decay mode, K0
S mesons are also reconstructed in

the ⇡0⇡0 final state. Inclusion of the K0
S ! ⇡0⇡0 channel

increases a signal yield by about 20% of the K0
S ! ⇡+⇡�

channel. The masses of J/ ,  (2S), �c1, and K0
S candi-

dates are constrained to their respective nominal values
to improve their momentum resolutions. Candidate K0

L

mesons are identified using information from the electro-
magnetic calorimeter and IFR/KLM detectors (see Chap-
ter 2), requiring that the signals in these detectors are not
associated with any charged tracks. Since the energy of a
K0

L cannot be measured precisely, only the flight direction
is used when reconstructing B0 ! J/ K0

L decay candi-
dates. The K⇤0 candidates are selected by combining K0

S

and ⇡0 mesons. BABAR uses all of the aforementioned final
states for their analysis. While Belle (Abe, 2001g) used the
same set of modes for earlier iterations of their analysis,
more recent updates do not include the J/ K0

S(! ⇡0⇡0),
⌘cK0

S , and J/ K⇤0 final states.

Candidate B0 mesons are reconstructed by combin-
ing charmonium and K0

S , K0
L, or K⇤0 candidates. Two

kinematic variables �E and mES (see Section 7.1.1) are
used to select signal candidates, with the exception of the
B0 ! J/ K0

L channel. For the latter case a kinematic con-
straint is applied assuming a two-body decay of the B0,
and both BABAR and Belle use �E and the momentum of
the reconstructed B0 in the center-of-mass (CM) system
(p⇤

B) to isolate signal candidates. Figure 17.6.5 shows the
mES and �E distributions for candidates satisfying the
flavor tagging and vertex reconstructions in the BABAR

Belle	and	BaBar	results	!	



Compare	CPV	in	tree	and	penguin	modes	

•  CP	asymmetry	~same	for	b!ccs	and	b!sss	in	SM;	not	for	NP	
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Belle	II	sensiLvity	on	
selected	modes	
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the reconstructed B0 in the center-of-mass (CM) system
(p⇤

B) to isolate signal candidates. Figure 17.6.5 shows the
mES and �E distributions for candidates satisfying the
flavor tagging and vertex reconstructions in the BABAR



Decays	to	3rd-generaLon	leptons	
•  Semi-tauonic	decays	sensiLve	to,	e.g.,	charged	Higgs	

•  RaLo	of	SM	decays	R(D(*))	=	Γ(B!D(*)τν)/Γ(B!D(*)lν)	(l=e,µ)	
well	predicted	(dependence	on	efficiencies,	FFs	largely	
cancel)	

•  Also	measure	R(π),	R(D**)…	

2016/05/13	 Kowalewski	-	INFN	Bologna	 20	

The R(D(⇤)) anomaly
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Measuring |V
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| and |V
cb

|
* Decays don’t happen at quark level, non-perturbative physics make things
complicated
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* Hadronic transition matrix element needs to be Lorentz covariant

! Function of Lorentz vectors and scalars of the decay ! p2
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! On-shell B ! X decay: form factors encode non-perturbative physics

* Form factors unknown functions of q2 = (p
B

� p
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* E.g. decay rate in the SM for B ! scalar ` ⌫̄` decay: f = single form factor
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RadiaLve	decays	b!sνν	
•  TheoreLcally	clean	–	no	FSI	(unlike	b!sl+l-)	

•  SensiLvity	unique	to	e+e-	environment	

2016/05/13	 Kowalewski	-	INFN	Bologna	 21	

MoriondEW, Mar 19, 2016 Experimental Summary

Flavour anomalies
b → s µ+µ– continues to produce interesting results, more channels added

LHCb showed results with full angular analyses for K*µµ 
(8 independent CP-averaged observables).                      
Best experimental precision on AFB, FL, …

Also angular and diff. BR analysis of Bs → φµµ, and diff. 
BR analysis of B+ → K+µµ

Johannes Albrecht
Searches for New Physics in b → s l+l   

Johannes Albrecht 

Introduction

Rare B and D decay measurements at LHC and the TeVatron
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processes, forbidden at
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b ! sµ+µ� example
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Sensitivity to the di↵erent SM & NP contributions through decay
rates, angular observables and CP asymmetries.
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•  SM: Flavour changing neutral currents only at loop-level  
•  b → s l+l  give a unique glimpse to higher scales: 

experimentally and theoretically clean 
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Use ratio to cancel FF dependence: &'( = *'/ ,-(1 − ,-)
Full Run-1 dataset and new analysis confirms discrepancy
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τ	lepton	flavour	violaLon	
•  Excellent	environment	to	search	for	LFV	in	a	large	range	of	final	states	

•  Belle	II	sensiLvity	will	probe	NP	models	
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Dark	forces	
•  Belle	II	has	good	sensiLvity	to	new	mediators	with	

mass	in	the	0.01-10	GeV	range	in	both	dilepton	and	
invisible	final	states	via	dedicated	single	photon	trigger	
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invisible	final	state	Dilepton	final	state	



Nano-Beam Scheme 

12 

present KEKB 

SuperKEKB 
5mm 

1m 

100m 

(without crab) L 

Hourglass condition:  
                       ȕy*>~ L= x́/· �

Half crossing 
angle: · �

1m 

5mm 
100m 

~50nm 

83 mrad crossing 
angle 

22 mrad 
crossing angle 

13 15 

The	main	improvement:	luminosity	
•  The	necessary	step	in	

sensiLvity	requires	a	large	
increase	in	luminosity:		
2.1×1034	!	80×1034	

•  Use	nano-beams	(idea	
borrowed	from	SuperB)		
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LER/HER	 KEKB	 SuperKEKB	

Energy	[GeV]	 3.5/8	 4.0/7.0	

βy*	[mm]	 5.9/5.9	 0.27/0.30	

βx*	[mm]	 1200	 32/35	

I	[A]	 1.64/1.19	 3.6/2.6	

ε	[nm]	 18/24	 3.2/4.6	

#	bunch	 1584	 2500	

L	[1034cm-2s-1]	 2.1	 80	



SuperKEKB	accelerator	
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electron		(7GeV)	

positron	(4GeV)	

KL	and	muon	detector:	
ResisLve	Plate	Counter	(barrel)	
ScinLllator	+	WLSF	+	MPPC	(end-caps)	

ParLcle	IdenLficaLon		
Time-of-PropagaLon	counter	(barrel)	
Prox.	focusing	Aerogel	RICH	(fwd)	

Central	Dri�	Chamber	
He(50%):C2H6(50%),	Small	cells,	long	
lever	arm,		fast	electronics	

EM	Calorimeter:	
CsI(Tl),	waveform	sampling	(barrel)	
Pure	CsI	+	waveform	sampling	(end-caps)	

Vertex	Detector	
2	layers	DEPFET	+	4	layers	DSSD	

Beryllium	beam	pipe	
2cm	diameter	

Belle	II	Detector	Overview	



Belle	II	enhancements	

•  Smaller	beampipe,		
–  Si	pixel	layer	at	1.4cm;	excellent	z	

impact	parameter	resoluLon	(20µm)	

•  Larger	SVD	and	CDC	
–  beYer	Ks	efficiency,	impact	parameter,	

flavor	tagging	

•  TOP	and	ARICH	
–  beYer	K/π	separaLon	in	both	barrel	and	

endcap	

•  ECL	and	KLM	
–  Upgrades	to	deal	with	larger	beam	

background,	pileup	

•  Improved	hermiLcity,	trigger,	DAQ	
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Belle	II	construcLon	status	
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•  On	schedule	

•  Commissioning	
with	beam	in	
2017	(except	
VXD)	

•  VXD	installaLon	
in	2018	

•  Start	of	physics	
late	2018	
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Overall	Belle-II	schedule	
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Schedule	in	more	detail	
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Belle	II	–	
to	be	

rolled	into	
posiLon	
for	2017	

BEAST-II	



BEAST	II	
Beam	Exorcism	for	a	Stable	ExperimenT	II	
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•  The	higher	luminosity	comes	with	higher	predicted	backgrounds;	BEAST	II	
measures	beam	background	to	opLmize	shielding,	validate	simulaLon	

•  Background	from	Touschek	(intra-beam)	scaYering,	beam-gas,	synchrotron	
radiaLon,	radiaLve	Bhabha,	2-photon	processes	

•  Measurements	underway	(with	both	beams	but	no	collisions)	



BEAST	II	measurements	
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•  Independent	subdetectors	provide	
comprehensive	view	of	beam-
related	backgrounds	

•  UVic	PhD	student	designed	shielding	
for	endcap	EM	Cal	

•  Current	currents:	LER	0.6A,	HER	0.5A		



More	BEAST	II	data	
•  Touschek	(parLcle	loss	due	to	mulLple	

Coulomb	scaYering	within	a	bunch)	grows	
with	inverse	beam	size	(density);	lost	parLcles	
hit	beam	pipe	(reduces	beam	lifeLme)	
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•  Bake-out	of	vacuum	
chamber	proceeding	as	
expected	



Summary	

•  Belle	II	can	access	a	broad	range	of	physics	including	B,	charm,	
tau,	precision	EW	and	dark	forces		

•  SuperKEKB	is	circulaLng	e+	and	e-	beams;	backgrounds	are	
being	measured	by	the	dedicated	BEAST	II	detectors	

•  Belle	II	construcLon	is	nearly	complete;	the	detector	rolls	into	
posiLon	in	2017	(vertex	detector	to	be	installed	in	2018)	

•  We’re	looking	forward	to	probing	new	physics	in	friendly	
compeLLon	with	LHCb	
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