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Belle	II	Mission
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Builds	on	2008	Nobel	Prize	success,	M	Kobayashi	and	T	Maskawa	,	→	Belle	
experiment	credited	~500	publicaSons.	

To search for new phenomena that may solve the missing antimatter puzzle

Belle II >600 collaborators, 100 institutes
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The	case	for	new	physics	manifesKng	in	Belle	II
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Issues	(addressable	at	a	Flavour	factory)	

• Baryon	asymmetry	in	cosmology	  
→	New	sources	of	CPV	in	quarks	and	charged	leptons	

• Finite	neutrino	masses 
→	Tau	LFV.	

• Quark	and	Lepton	flavour	&	mass	hierarchy 
→	higher	symmetry,	massive	new	particles,	extended	gauge	
sector	

• 19	free	parameters  
→	Extensions	of	SM	relate	some,	(GUTs)	

• +	Puzzling	nature	of	exotic	“new”	QCD	states.

→ NP beyond the direct 
reach of the LHC

In	this	talk	I	will	highlight	areas	where	Melbourne	
in	parKcular	has	been	contribuKng.
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Australian	ContribuKons	to	Belle	II
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Hardware

CompuSng Physics

SVD	ConstrucKon

DAQ/HLT

L1	Trigger

CoordinaKon

Semileptonic
Rare	B	decays

B	CP	violaKon

τ		flavour
Dark	sector

Grid	services
Analysis	compuKng

CalibraKon

Monitoring
Test-beams

ReconstrucKon

Adelaide	
Melbourne	
Sydney	
~30 Australian 
collaborators
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Searches	for	New	Phenomena

5

• Energy	Frontier:	Production	of	new	
particles	from	collisions	at	high-Energy	
(LHC)	

•Limited	by	Beam	energy	

• Flavour	Frontier:	virtual	production	to	
probe	scales	beyond	energy	frontier.	

•Often	first	clues	about	NP	
•e.g.	weak	force,	  
c,	b,	t	quarks,	Higgs	boson.	
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Maximum	Energy/Mass	Scale	reach:

MGUT
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Introduction New physics in meson mixing New physics in rare decays Conclusions New physics in the B system

Flavour & collider searches are complementary
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Cabibbo-Kobayashi-Maskawa	matrix

6

Gauge interaction with Kobayashi-Maskawa mechanism:
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Irreducible complex phase is the source of CP violation in SM

C
P
V
io
la
ti
o
n
an

d
C
K
M

M
ea
su

re
m
en

ts
—

M
ik
ih
ik
o
N
ak

ao
—

p
.3

• 2 Gens: CP conserving


• 3 Gens: CP violating,only source of CPV in SM 

• 4 Gens or More Gauge Bosons → many more CPV phases.

What have we learned?

Kobayashi and Maskawa (I)

The number of real and imaginary quark flavor parameters:

• With two generations:

2 × (4R + 4I) − 3 × (1R + 3I) + 1I = 5R + 0I

• With three generations:

2 × (9R + 9I) − 3 × (3R + 6I) + 1I = 9R + 1I

• The two generation SM is CP conserving

The three generation SM is CP violating

CP violation = a single imaginary parameter in the CKM matrix:

• LW ∼ gVij ūLidLjW−

V ≃

⎛
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Flavor Physics 11/41Maskawa	&	I	(2015)
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CKM	Picture	over	the	years

• Existence	of	CPV	phase	established	in	2001	by	BaBar	&	Belle 
•	Picture	sKll	holds	15	years	later,	constrained	with	remarkable	precision	
•	But:	sKll	leaves	room	for	new	physics	contribuKons

7University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape
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CKM Picture over the years: from discovery to precision

15

2001 2015

Existence of CPV phase established in 2001 by BaBar & Belle
• Picture still holds 15 years later, constrained with remarkable precision
• But: still leaves room for new physics contributions
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Overview

Belle	II

2.	Physics

1.	
Detector	&	
Accelerator

Charged	
Higgs

FCNC

CP	
ViolaKon

ExoKcs3.	Startup
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Belle	II	at	the	e+e–	intensity	fronKer

9

9

University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

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 

Transformation of a B-Factory into a Super B-Factory

To further push the intensity frontier need substantial instantaneous luminosity increase
KEK to SuperKEKB: 2.1x 1034 cm-2 s-1to 8 x 1035 cm-2 s-1

Key: nano-beam scheme — squeeze the beam to very small vertical spot size of ~50 nm

43

LER / HER KEKB SuperKEKB
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Needs major upgrade of KEKB accelerator

• Compared	to	KEKB	

• 20x	smaller	verKcal	beam	size	

• 2x	current
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First	operaKon	of	SuperKEKB	(4	GeV	e+’s	&	7	GeV	e-’s)

10

• LER:	Beam	current	1	Amp,	Beam	dose	780	Ah,	pressure	10-6	Pa	

• HER:	Beam	current	0.87	Amp,	Beam	dose	660	Ah	pressure	10-7	Pa

5	Months	operation

LER	(e+)	
Beam	dose

HER	(e-)	
Beam	dose

Feb	16	
Start
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Belle	II	Detector	[600+	collaborators,	101	insKtutes,	23	naKons]

11

electrons		(7GeV)

positrons	(4GeV)

Belle	II	TDR,	arXiv:1011.0352
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Belle	II	Detector	[600+	collaborators,	101	insKtutes,	23	naKons]
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electrons		(7GeV)

positrons	(4GeV)

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

Particle	Identification		
Time-of-Propagation	counter	(barrel)	
Prox.	focusing	Aerogel	RICH	(forward)	
Fake	rate	>2	x	lower	than	in	Belle

Central	Drift	Chamber	
Smaller	cell	size,	long	lever	arm

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

Vertex	Detector	
2	layers	Si	Pixels	(DEPFET)	+	  
4	layers	Si	double	sided	strip	DSSD

Belle	II	TDR,	arXiv:1011.0352
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Time-of-PropagaKon(TOP)	Detector

12

5th KEK Flavor Factory Workshop, KEK-FF, 2015 October 26

Particle Identification Devices

21

quartz radiator

MCP-PMT+expansion block

Barrel : Time-of-Propagation (TOP) counter

Aerogel 

Hamamatsu-HAPD-
Q.E.-~33%-(recent-good-ones) 

Test Beam setup 

End-cap : Ring Imaging Cherenkov counter 
with Aerogel radiator (ARICH)

Two layer aerogel 
radiator

Side	view	of	crystal
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Feb:	1st	TOP	bar																	May:	fully	installed!

13
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ParKcle	IdenKficaKon
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(TOP,	ARICH,	dE/dx[CDC]) (TOP,	ARICH,	dE/dx[CDC],	KLM)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

0.2

0.4

0.6

0.8

1

Muon efficiency & pion fake rate vs momentum (all p)Muon efficiency & pion fake rate vs momentum (all p)

p (GeV/c)

Muon efficiency & Pion fake rate x10 vs momentum

ln(Lµ/L⇡) > 0
ln(Lµ/L⇡) > 5
ln(Lµ/L⇡) > 10
ln(Lµ/L⇡) > 15
ln(Lµ/L⇡) > 20

µ efficiency
π fake rate x10

Soft tracks do 
not reach KLM

10

Muon	ID	efficiency

Fake	rates	>	2x	lower	than	Belle	(even	beter	in	some	p	regions)

4.5. NEUTRAL PARTICLE IDENTIFICATION
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Figure 4.17: Fake rates versus e�ciencies for K/⇡ (left) and ⇡/K (right) separation in release-00-05-03.
The colored lines show the ROC curves for di↵erent momentum regions. The markers represent di↵erent
cuts on the likelihood ratio.

Efficiency
0.7 0.75 0.8 0.85 0.9 0.95 1

Fa
ke

 ra
te

0

0.05

0.1

0.15

0.2

0.25

0.3

)2(1.0 - 2.0 GeV/c
)2(0.5 - 1.0 GeV/c
)2(0.5 - 1.5 GeV/c
)2(0.5 - 2.0 GeV/c
)2(0.5 - 2.5 GeV/c
)2(1.0 - 4.0 GeV/c

K/π separation

Efficiency
0.7 0.75 0.8 0.85 0.9 0.95 1

Fa
ke

 ra
te

0

0.05

0.1

0.15

0.2

0.25

0.3

)2(1.0 - 2.0 GeV/c
)2(0.5 - 1.0 GeV/c
)2(0.5 - 1.5 GeV/c
)2(0.5 - 2.0 GeV/c
)2(0.5 - 2.5 GeV/c
)2(1.0 - 4.0 GeV/c

π/K separation

Figure 4.18: Fake rates versus e�ciencies for K/⇡ (left) and ⇡/K (right) separation in release-00-07-00.
The colored lines show the ROC curves for di↵erent momentum regions. The markers represent di↵erent
cuts on the likelihood ratio.

51



LAL	Seminar,	2016 Phillip	URQUIJO

Silicon	Vertex	Detector

15

17/03/15 Belle II - physics meeting 3

SVD-layers shift yields better reconstruction?

● Since Belle2 has 4 SVD-layers instead of 2 the positions towards the Belle1 layers are further 
away from the beampipe now. This should increase the fraction of Ks decaying inside these 
layers. Hence their daughtertracks travel through them and can be reconstructed using 
trackHits. 

Position of second outermost layer (fraction): 7cm → 11.5cm  (56% → 70%) 

Position of outermost layer (fraction):              8.8cm → 14cm (62% → 74%)

Greater	outer	
radius	enhances	Ks	
acceptance

Ladders

End rings

Carbon fiber 
(CF) cone End flange

PXD  
(inside SVD à individual sub-detector)

Outer CF shell

Beam pipe

Some of Our Reference Plots

12

σ(d0) β pt Sin3/2 θ / (13.6MeV/c) vs pt

✦ Impact parameters resolutions are as good as 
expected when the PXD hits are correctly assigned 

✦ Transverse momentum resolution still needs some 
work  on the low momentum range

0 0.5 1 1.5 2 2.5 3 3.5 4

-210

Momentum resolution

•reference finder (still with PXD bug )
•MC ideal finder
•realistic finder ( w/o PXD )

IP	resolution	much	better	
than	Belle	&	Babar
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SVD	Layer	3	ConstrucKon,	All	ladders	now	built

16

April	2016:	DESY	testbeam	  
2	full-sized	Belle	II	pixel	modules

Construction	@	Melbourne
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So	when	do	we	start	Belle	II	?

17

PHASE	II	Operation:	Starts	in	~Jan	2018	
[Begin	with	damping	ring	commissioning;	
First	collisions;	limited	physics	without	
vertex	detectors]	

Phase	III:	Belle	II	Physics	Running:		
late	2018	[vertex	detectors	in]

QCSL	at	the	IP,	Aug	2016
QCSR	will	be	at	KEK,	Dec	2016

BEAST	PHASE	I:		
Feb-June	2016		
(Belle	II	roll-in	in	March	2017).	



LAL	Seminar,	2016 Phillip	URQUIJO

Latest	SuperKEKB	Luminosity	Profile

18
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FIG. 2: SuperKEKB and LHCb integrated luminosity projections in fb�1 and ab�1

respectively.

Systematic uncertainties are taken into account in these projections. We base most pro-
jected systematic uncertainties on values presented in BELLE2-NOTE-21/BELLE2-NOTE-
PH-2015-002, and LHCb EPJC 73, 2373. If projections are not provided in that report, the
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Doing	physics	in	an	e+e-	collider

19
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Doing	physics	in	an	e+e-	collider

19
University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape
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andBs mesons. Samples of b-flavored hadrons of di↵erent
types are available from production at higher energies,
in e+e� collisions on the Z resonance at LEP (ALEPH,
DELPHI, L3, OPAL experiments) and SLC (SLD experi-
ment), as wells in hadron collisions at the Tevatron (CDF
and D0 experiments) and the LHC (LHCb, ATLAS, CMS
experiments).

The cross sections for the process e+e� ! bb̄ at the
⌥(4S), ⌥(5S) and Z resonances are 1.1 nb, 0.3 nb, and
6.6 nb, respectively. The cross section for b-hadron pro-
duction in hadron collisions is much larger, e.g. �(pp !
bb̄) ⇠ 300 µb at a center-of-mass energy of

p
s = 7 TeV.

Table I gives an overview of the data samples recorded
by the various experiments.

TABLE I: Overview of the b-hadron samples recorded
by various experiments. For LEP and SLC the numbers
of produced Z bosons is given instead of the integrated

luminosity
R Ldt.

Experiment
p
s (GeV)

R Ldt ( fb�1) BB/bb̄ pairs

Belle 10.58 711 7.72⇥ 108 BB

BABAR 10.58 426 4.68⇥ 108 BB

CLEO 10.58 16 1.71⇥ 107 BB

ARGUS 10.58 0.2 2⇥ 105 BB

LEPa,c ⇠ 91 ⇠ 4⇥ 106 Z ⇠ 6⇥ 105 bb̄

SLD ⇠ 91 ⇠ 6⇥ 105 Z ⇠ 9⇥ 104 bb̄

LHCb 7000, 8000 3.2 2.6⇥ 1011 bb̄

ATLAS, CMSc 7000, 8000 25 ⇠ 1012 bb̄

Tevatronb,c 1960 10 ⇠ 1011 bb̄
a LEP is representative of the ALEPH, DELPHI, L3, and

OPAL experiments.
b Tevatron is representative of the CDF and D0 experiments.

c Quoted numbers are per experiment.

Semileptonic and leptonic decays of the B meson
are best studied in e+e� collisions, where the four-
momentum of the inital state is known and the events are
rather clean. Their study in hadron collisions is di�cult
due to the large hadronic background and the unknown
initial state, which makes a reconstruction of the neutrino
impossible. Moreover, hadron-collider experiments must
trigger on specific exclusive decay modes, preferentially
with charged particles in the final state. The B-factory
experiments can reconstruct a large variety of B-meson
decay modes with a high e�ciency and are thus able to
perform inclusive measurements.

In this article, we will primarily focus on the measure-
ments of the high-luminosity B-factory experiments Belle
at KEKB and BABAR at PEP-II. They provide the cur-
rently most precise results on B ! `⌫ and B ! X`⌫
decays. If competitive results from other experiments
exist for a specific decay mode, they will be mentioned
as well. The PEP-II collider operated from 1998 to 2008,

KEKB from 1998 to 2010 at a center-of-mass energy ofp
s = 10.58 GeV, equal to the mass of the ⌥(4S).
The production of B mesons in e+e� collisions at the

⌥(4S) resonance is illustrated in Fig. 4. The ⌥(4S) is
the lightest bb̄ resonance with a mass above the BB pair
production threshold: m⌥(4S) = 10.58 GeV > 2mB =
10.56 GeV. It decays almost exclusively to B-meson
pairs, with about equal probability to B+B� and B0B0.
The current upper limit for non-BB decays of the ⌥(4S)
is 4% at the 95% confidence level (Olive et al., 2014).

B! threshold 

(a)

(b)

FIG. 4: B-meson production in e+e� collisions at the
⌥(4S) resonance: (a) cross section for e+e� ! hadrons,

(b) diagram for BB production.

The energies of the collinding electron and positron
beams were chosen to be asymmetric, which resulted in
a boost of the ⌥(4S) resonance and the B mesons pro-
duced in its decay. This boost allows for a better spa-
tial separation of the two B-meson decay vertices. The
flight lengths of the B mesons are used to determine
their lifetimes and are thus important for time-dependent
measurements, in particular the measurement of time-
dependent CP asymmetries. Table II lists some of the
operation parameters of the KEKB and PEP-II colliders.

2. Detectors

The detection of B ! `⌫ and B ! X`⌫ decays re-
quires a reliable reconstruction and identification of the
charged lepton ` = e, µ and, in the case of semileptonic
decays, the hadrons that form the hadronic final state X.
In addition, the other particles in the event need to be
reconstructed to infer the kinematics of the undetected
neutrino from either the missing energy and momentum
in the event or the reconstruction of the second B meson.

B�

B+
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andBs mesons. Samples of b-flavored hadrons of di↵erent
types are available from production at higher energies,
in e+e� collisions on the Z resonance at LEP (ALEPH,
DELPHI, L3, OPAL experiments) and SLC (SLD experi-
ment), as wells in hadron collisions at the Tevatron (CDF
and D0 experiments) and the LHC (LHCb, ATLAS, CMS
experiments).

The cross sections for the process e+e� ! bb̄ at the
⌥(4S), ⌥(5S) and Z resonances are 1.1 nb, 0.3 nb, and
6.6 nb, respectively. The cross section for b-hadron pro-
duction in hadron collisions is much larger, e.g. �(pp !
bb̄) ⇠ 300 µb at a center-of-mass energy of

p
s = 7 TeV.

Table I gives an overview of the data samples recorded
by the various experiments.

TABLE I: Overview of the b-hadron samples recorded
by various experiments. For LEP and SLC the numbers
of produced Z bosons is given instead of the integrated

luminosity
R Ldt.

Experiment
p
s (GeV)

R Ldt ( fb�1) BB/bb̄ pairs

Belle 10.58 711 7.72⇥ 108 BB

BABAR 10.58 426 4.68⇥ 108 BB

CLEO 10.58 16 1.71⇥ 107 BB

ARGUS 10.58 0.2 2⇥ 105 BB

LEPa,c ⇠ 91 ⇠ 4⇥ 106 Z ⇠ 6⇥ 105 bb̄

SLD ⇠ 91 ⇠ 6⇥ 105 Z ⇠ 9⇥ 104 bb̄

LHCb 7000, 8000 3.2 2.6⇥ 1011 bb̄

ATLAS, CMSc 7000, 8000 25 ⇠ 1012 bb̄

Tevatronb,c 1960 10 ⇠ 1011 bb̄
a LEP is representative of the ALEPH, DELPHI, L3, and

OPAL experiments.
b Tevatron is representative of the CDF and D0 experiments.

c Quoted numbers are per experiment.

Semileptonic and leptonic decays of the B meson
are best studied in e+e� collisions, where the four-
momentum of the inital state is known and the events are
rather clean. Their study in hadron collisions is di�cult
due to the large hadronic background and the unknown
initial state, which makes a reconstruction of the neutrino
impossible. Moreover, hadron-collider experiments must
trigger on specific exclusive decay modes, preferentially
with charged particles in the final state. The B-factory
experiments can reconstruct a large variety of B-meson
decay modes with a high e�ciency and are thus able to
perform inclusive measurements.

In this article, we will primarily focus on the measure-
ments of the high-luminosity B-factory experiments Belle
at KEKB and BABAR at PEP-II. They provide the cur-
rently most precise results on B ! `⌫ and B ! X`⌫
decays. If competitive results from other experiments
exist for a specific decay mode, they will be mentioned
as well. The PEP-II collider operated from 1998 to 2008,

KEKB from 1998 to 2010 at a center-of-mass energy ofp
s = 10.58 GeV, equal to the mass of the ⌥(4S).
The production of B mesons in e+e� collisions at the

⌥(4S) resonance is illustrated in Fig. 4. The ⌥(4S) is
the lightest bb̄ resonance with a mass above the BB pair
production threshold: m⌥(4S) = 10.58 GeV > 2mB =
10.56 GeV. It decays almost exclusively to B-meson
pairs, with about equal probability to B+B� and B0B0.
The current upper limit for non-BB decays of the ⌥(4S)
is 4% at the 95% confidence level (Olive et al., 2014).
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FIG. 4: B-meson production in e+e� collisions at the
⌥(4S) resonance: (a) cross section for e+e� ! hadrons,

(b) diagram for BB production.

The energies of the collinding electron and positron
beams were chosen to be asymmetric, which resulted in
a boost of the ⌥(4S) resonance and the B mesons pro-
duced in its decay. This boost allows for a better spa-
tial separation of the two B-meson decay vertices. The
flight lengths of the B mesons are used to determine
their lifetimes and are thus important for time-dependent
measurements, in particular the measurement of time-
dependent CP asymmetries. Table II lists some of the
operation parameters of the KEKB and PEP-II colliders.

2. Detectors

The detection of B ! `⌫ and B ! X`⌫ decays re-
quires a reliable reconstruction and identification of the
charged lepton ` = e, µ and, in the case of semileptonic
decays, the hadrons that form the hadronic final state X.
In addition, the other particles in the event need to be
reconstructed to infer the kinematics of the undetected
neutrino from either the missing energy and momentum
in the event or the reconstruction of the second B meson.
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andBs mesons. Samples of b-flavored hadrons of di↵erent
types are available from production at higher energies,
in e+e� collisions on the Z resonance at LEP (ALEPH,
DELPHI, L3, OPAL experiments) and SLC (SLD experi-
ment), as wells in hadron collisions at the Tevatron (CDF
and D0 experiments) and the LHC (LHCb, ATLAS, CMS
experiments).

The cross sections for the process e+e� ! bb̄ at the
⌥(4S), ⌥(5S) and Z resonances are 1.1 nb, 0.3 nb, and
6.6 nb, respectively. The cross section for b-hadron pro-
duction in hadron collisions is much larger, e.g. �(pp !
bb̄) ⇠ 300 µb at a center-of-mass energy of

p
s = 7 TeV.

Table I gives an overview of the data samples recorded
by the various experiments.

TABLE I: Overview of the b-hadron samples recorded
by various experiments. For LEP and SLC the numbers
of produced Z bosons is given instead of the integrated

luminosity
R Ldt.

Experiment
p
s (GeV)

R Ldt ( fb�1) BB/bb̄ pairs

Belle 10.58 711 7.72⇥ 108 BB

BABAR 10.58 426 4.68⇥ 108 BB

CLEO 10.58 16 1.71⇥ 107 BB

ARGUS 10.58 0.2 2⇥ 105 BB

LEPa,c ⇠ 91 ⇠ 4⇥ 106 Z ⇠ 6⇥ 105 bb̄

SLD ⇠ 91 ⇠ 6⇥ 105 Z ⇠ 9⇥ 104 bb̄

LHCb 7000, 8000 3.2 2.6⇥ 1011 bb̄

ATLAS, CMSc 7000, 8000 25 ⇠ 1012 bb̄

Tevatronb,c 1960 10 ⇠ 1011 bb̄
a LEP is representative of the ALEPH, DELPHI, L3, and

OPAL experiments.
b Tevatron is representative of the CDF and D0 experiments.

c Quoted numbers are per experiment.

Semileptonic and leptonic decays of the B meson
are best studied in e+e� collisions, where the four-
momentum of the inital state is known and the events are
rather clean. Their study in hadron collisions is di�cult
due to the large hadronic background and the unknown
initial state, which makes a reconstruction of the neutrino
impossible. Moreover, hadron-collider experiments must
trigger on specific exclusive decay modes, preferentially
with charged particles in the final state. The B-factory
experiments can reconstruct a large variety of B-meson
decay modes with a high e�ciency and are thus able to
perform inclusive measurements.

In this article, we will primarily focus on the measure-
ments of the high-luminosity B-factory experiments Belle
at KEKB and BABAR at PEP-II. They provide the cur-
rently most precise results on B ! `⌫ and B ! X`⌫
decays. If competitive results from other experiments
exist for a specific decay mode, they will be mentioned
as well. The PEP-II collider operated from 1998 to 2008,

KEKB from 1998 to 2010 at a center-of-mass energy ofp
s = 10.58 GeV, equal to the mass of the ⌥(4S).
The production of B mesons in e+e� collisions at the

⌥(4S) resonance is illustrated in Fig. 4. The ⌥(4S) is
the lightest bb̄ resonance with a mass above the BB pair
production threshold: m⌥(4S) = 10.58 GeV > 2mB =
10.56 GeV. It decays almost exclusively to B-meson
pairs, with about equal probability to B+B� and B0B0.
The current upper limit for non-BB decays of the ⌥(4S)
is 4% at the 95% confidence level (Olive et al., 2014).
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FIG. 4: B-meson production in e+e� collisions at the
⌥(4S) resonance: (a) cross section for e+e� ! hadrons,

(b) diagram for BB production.

The energies of the collinding electron and positron
beams were chosen to be asymmetric, which resulted in
a boost of the ⌥(4S) resonance and the B mesons pro-
duced in its decay. This boost allows for a better spa-
tial separation of the two B-meson decay vertices. The
flight lengths of the B mesons are used to determine
their lifetimes and are thus important for time-dependent
measurements, in particular the measurement of time-
dependent CP asymmetries. Table II lists some of the
operation parameters of the KEKB and PEP-II colliders.

2. Detectors

The detection of B ! `⌫ and B ! X`⌫ decays re-
quires a reliable reconstruction and identification of the
charged lepton ` = e, µ and, in the case of semileptonic
decays, the hadrons that form the hadronic final state X.
In addition, the other particles in the event need to be
reconstructed to infer the kinematics of the undetected
neutrino from either the missing energy and momentum
in the event or the reconstruction of the second B meson.
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andBs mesons. Samples of b-flavored hadrons of di↵erent
types are available from production at higher energies,
in e+e� collisions on the Z resonance at LEP (ALEPH,
DELPHI, L3, OPAL experiments) and SLC (SLD experi-
ment), as wells in hadron collisions at the Tevatron (CDF
and D0 experiments) and the LHC (LHCb, ATLAS, CMS
experiments).

The cross sections for the process e+e� ! bb̄ at the
⌥(4S), ⌥(5S) and Z resonances are 1.1 nb, 0.3 nb, and
6.6 nb, respectively. The cross section for b-hadron pro-
duction in hadron collisions is much larger, e.g. �(pp !
bb̄) ⇠ 300 µb at a center-of-mass energy of

p
s = 7 TeV.

Table I gives an overview of the data samples recorded
by the various experiments.

TABLE I: Overview of the b-hadron samples recorded
by various experiments. For LEP and SLC the numbers
of produced Z bosons is given instead of the integrated

luminosity
R Ldt.

Experiment
p
s (GeV)

R Ldt ( fb�1) BB/bb̄ pairs

Belle 10.58 711 7.72⇥ 108 BB

BABAR 10.58 426 4.68⇥ 108 BB

CLEO 10.58 16 1.71⇥ 107 BB

ARGUS 10.58 0.2 2⇥ 105 BB

LEPa,c ⇠ 91 ⇠ 4⇥ 106 Z ⇠ 6⇥ 105 bb̄

SLD ⇠ 91 ⇠ 6⇥ 105 Z ⇠ 9⇥ 104 bb̄

LHCb 7000, 8000 3.2 2.6⇥ 1011 bb̄

ATLAS, CMSc 7000, 8000 25 ⇠ 1012 bb̄

Tevatronb,c 1960 10 ⇠ 1011 bb̄
a LEP is representative of the ALEPH, DELPHI, L3, and

OPAL experiments.
b Tevatron is representative of the CDF and D0 experiments.

c Quoted numbers are per experiment.

Semileptonic and leptonic decays of the B meson
are best studied in e+e� collisions, where the four-
momentum of the inital state is known and the events are
rather clean. Their study in hadron collisions is di�cult
due to the large hadronic background and the unknown
initial state, which makes a reconstruction of the neutrino
impossible. Moreover, hadron-collider experiments must
trigger on specific exclusive decay modes, preferentially
with charged particles in the final state. The B-factory
experiments can reconstruct a large variety of B-meson
decay modes with a high e�ciency and are thus able to
perform inclusive measurements.

In this article, we will primarily focus on the measure-
ments of the high-luminosity B-factory experiments Belle
at KEKB and BABAR at PEP-II. They provide the cur-
rently most precise results on B ! `⌫ and B ! X`⌫
decays. If competitive results from other experiments
exist for a specific decay mode, they will be mentioned
as well. The PEP-II collider operated from 1998 to 2008,

KEKB from 1998 to 2010 at a center-of-mass energy ofp
s = 10.58 GeV, equal to the mass of the ⌥(4S).
The production of B mesons in e+e� collisions at the

⌥(4S) resonance is illustrated in Fig. 4. The ⌥(4S) is
the lightest bb̄ resonance with a mass above the BB pair
production threshold: m⌥(4S) = 10.58 GeV > 2mB =
10.56 GeV. It decays almost exclusively to B-meson
pairs, with about equal probability to B+B� and B0B0.
The current upper limit for non-BB decays of the ⌥(4S)
is 4% at the 95% confidence level (Olive et al., 2014).
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FIG. 4: B-meson production in e+e� collisions at the
⌥(4S) resonance: (a) cross section for e+e� ! hadrons,

(b) diagram for BB production.

The energies of the collinding electron and positron
beams were chosen to be asymmetric, which resulted in
a boost of the ⌥(4S) resonance and the B mesons pro-
duced in its decay. This boost allows for a better spa-
tial separation of the two B-meson decay vertices. The
flight lengths of the B mesons are used to determine
their lifetimes and are thus important for time-dependent
measurements, in particular the measurement of time-
dependent CP asymmetries. Table II lists some of the
operation parameters of the KEKB and PEP-II colliders.

2. Detectors

The detection of B ! `⌫ and B ! X`⌫ decays re-
quires a reliable reconstruction and identification of the
charged lepton ` = e, µ and, in the case of semileptonic
decays, the hadrons that form the hadronic final state X.
In addition, the other particles in the event need to be
reconstructed to infer the kinematics of the undetected
neutrino from either the missing energy and momentum
in the event or the reconstruction of the second B meson.
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Fig. 17.1.1. Illustration of semileptonic decay B� ! X`�⌫̄`.

as illustrated in Fig. 17.1.1. These are governed by the
CKM-matrix elements Vcb and Vub, and since the inter-
mediate W -boson decays leptonically, do not involve any50

other CKM-matrix elements. Hence, measurements of the
B ! X`⌫ decay rate can be used to directly measure |Vcb|
and |Vub|.

The theoretical description of semileptonic B decays
starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GFp

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

where PL = (1 � �5)/2, and GF is the Fermi constant
as extracted from muon decay. The W boson has been
integrated out at tree level, and higher-order electroweak
corrections are suppressed by additional powers of GF and
are thus very small. The di↵erential B decay rates take the
form

d� / G2
F |Vqb|2

��LµhX|q̄�µPLb|Bi��2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the e↵ective Hamiltonian and the decay55

matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b ! q current.
The latter do not a↵ect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element hX|q̄�µPLb|Bi in
Eq. (17.1.2). This factorization is violated by small elec-60

tromagnetic corrections, for example by photon exchange
between the quarks and leptons, which must be taken into
account in situations where high precision is required.

The challenge in the extraction of |Vcb| and |Vub| is
the determination of the hadronic matrix element of the65

quark current in Eq. (17.1.2). For this purpose, di↵erent
theoretical methods have been developed, depending on
the specific decay mode under consideration. In almost all
cases, the large mass of the b-quark, mb ⇠ 5 GeV plays an
important role.70

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final state X = D⇤, ⇡, ....
In this case, one parameterizes the necessary hadronic ma-
trix element in terms of form factors, which are nonper-
turbative functions of the momentum transfer q2. This75

is discussed in Sections 17.1.2 and 17.1.4. Two methods
to determine the necessary form factors are lattice QCD
(LQCD) and light-cone sum rules (LCSR). In LQCD the
QCD functional integrals for the matrix elements are com-
puted numerically from first principles. Heavy-quark e↵ec-80

tive theory (HQET), and nonrelativistic QCD (NRQCD),

were first introduced, at least in part, to enable lattice-
QCD calculations with heavy quarks. Even when these
formalisms are not explicitly used, heavy-quark dynam-
ics are usually used to control discretization e↵ects. An85

exception are the most recent determinations of mb from
lattice QCD, discussed below, which use a lattice so fine
that the b quark can be treated with a light-quark formal-
ism. A complementary method is based on LCSR which
use hadronic dispersion relations to approximate the form90

factor in terms of quark-current correlators, which can be
calculated in an operator product expansion (OPE).

In inclusive semileptonic decays, one considers the sum
over all possible final states X that are kinematically al-
lowed. Employing parton-hadron duality one can replace95

the sum over hadronic final states with a sum over par-
tonic final states. This eliminates any long-distance sensi-
tivity to the final state, while the short-distance QCD cor-
rections, which appear at the typical scale µ ⇠ mb of the
decay, can be computed in perturbation theory in terms of100

the strong coupling constant ↵s(mb) ⇠ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ⇤QCD/mb ⇠ 0.1, with ⇤QCD

a typical hadronic scale of order mB �mb ⇠ 0.5 GeV. This
is called the heavy quark expansion (HQE), and it system-105

atically expresses the decay rate in terms of nonperturba-
tive parameters that describe universal properties of the
B meson. This is discussed in Sections 17.1.3 and 17.1.5.

17.1.1.3 Experimental Techniques

As in other analyses of BB̄ data recorded at B facto-110

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e� ! `+`�(�) with ` = e, µ, or ⌧ , and quark-antiquark
pair production, e+e� ! qq(�) with q = u, d, s, c.115

The suppression of the continuum background is achieved
by requiring at least four charged particles in the event and
by imposing restrictions on several event shape variables,
either sequentially on individual variables or by construct-
ing multivariable discriminants. Among these variables are120

thrust, the maximum sum of the longitudinal momenta of
all particles relative to a chosen axis, �✓thrust, the angle
between the thrust axis of all particles associated with the
signal decay and the thrust axis of the rest of the event,
R2, the ratio of the second to the zeroth Fox-Wolfram mo-125

ments, and L0 and L2, the normalized angular moments
(introduced in Sec. 9).

The separation of semileptonic B decays from BB̄
backgrounds is very challenging because they result in one
or more undetected neutrinos. The energy and momentum
of the missing particles can be inferred from the sum of
all other particles in the event,

(Emiss,pmiss) = (E0,p0) � (
X

i

Ei,
X

i

pi), (17.1.3)

where (E0,p0) is the four-vector of the colliding beams. If
the only undetected particle in the event is one neutrino,

[Illustration by F. Tackmann]
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FIG. 1. (Color online) Fit to the missing mass squared distribution in three bins of w for the B+ ! ¯D0e+⌫e sub-sample. Points

with error bars are the data. Histograms are (from top to bottom) the B ! D`⌫` signal (green), the B ! D⇤`⌫` cross-feed

background (red), and other backgrounds (blue). The p-values of the fits are (from left to right) 0.55, 0.21, and 0.10.
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FIG. 2. Same as Fig. 1 for the B+ ! ¯D0µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.71, 0.38, and 0.42.
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FIG. 3. Same as Fig. 1 for the B0 ! D�e+⌫e sub-sample. The p-values of the fits are (from left to right) 0.30, 0.10, and 0.96.
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FIG. 7. Di�erential width of B ! D`⌫` and result of the combined fit to experimental and lattice QCD (FNAL/MILC and
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data (only results for f+ are shown on this plot). For Belle data, the uncertainties are represented by the vertical error bars
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curve indicates the uncertainty in the coe�cients of the BGL series.

We interpret our measurement of ��/�w in terms of �EW|Vcb| by using the currently most established method,
i.e., by fitting ��/�w to the Caprini, Lellouch and Neubert (CLN) form-factor parameterization and by dividing
�EWG(1)|Vcb| by the form factor normalization at zero recoil G(1) to obtain �EW|Vcb|. Assuming the value G(1) =
1.0541 ± 0.0083 [15], we find �EW|Vcb| = (40.12 ± 1.34) � 10�3. Recent lattice data also allows to perform a combined
fit to the model-independent form-factor parameterization by Boyd, Grinstein and Lebed (BGL). We find �EW|Vcb| =
(41.10 ± 1.14) � 10�3 with the lattice QCD data from FNAL/MILC [15] and HPQCD [32].

Assuming �EW = 1.0066 ± 0.0016 [12], our results correspond to a value of |Vcb| = (39.86 ± 1.33) � 10�3 for the fit
using the CLN form-factor parameterization and G(1), and |Vcb| = (40.83 ± 1.13) � 10�3 for the fit using the BGL
parameterization and lattice data.

These results supersede the previous Belle measurement [36]. Compared to the previous analysis by BaBar [6], we
reconstruct about 5 times more B ! D`⌫` decays; this results in a significant improvement in the precision of the
determination of �EW|Vcb| from the decay B ! D`⌫` to 2.8%. The value of �EW|Vcb| extracted with the combined
analysis of experimental and LQCD data is in agreement with both |Vcb| extracted from inclusive semileptonic de-
cays [3] and |Vcb| from B ! D⇤`⌫` decays [4, 5]. The measured branching fractions are higher although still compatible
with those obtained by previous analyses [6].

|Vcb| = (40.12 ± 1.34) ⇥ 10�3 (World average: (39.5 ± 0.8) ⇥ 10�3 )
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Fig. 17.1.1. Illustration of semileptonic decay B� ! X`�⌫̄`.

as illustrated in Fig. 17.1.1. These are governed by the
CKM-matrix elements Vcb and Vub, and since the inter-
mediate W -boson decays leptonically, do not involve any50

other CKM-matrix elements. Hence, measurements of the
B ! X`⌫ decay rate can be used to directly measure |Vcb|
and |Vub|.

The theoretical description of semileptonic B decays
starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GFp

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

where PL = (1 � �5)/2, and GF is the Fermi constant
as extracted from muon decay. The W boson has been
integrated out at tree level, and higher-order electroweak
corrections are suppressed by additional powers of GF and
are thus very small. The di↵erential B decay rates take the
form

d� / G2
F |Vqb|2

��LµhX|q̄�µPLb|Bi��2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the e↵ective Hamiltonian and the decay55

matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b ! q current.
The latter do not a↵ect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element hX|q̄�µPLb|Bi in
Eq. (17.1.2). This factorization is violated by small elec-60

tromagnetic corrections, for example by photon exchange
between the quarks and leptons, which must be taken into
account in situations where high precision is required.

The challenge in the extraction of |Vcb| and |Vub| is
the determination of the hadronic matrix element of the65

quark current in Eq. (17.1.2). For this purpose, di↵erent
theoretical methods have been developed, depending on
the specific decay mode under consideration. In almost all
cases, the large mass of the b-quark, mb ⇠ 5 GeV plays an
important role.70

In exclusive semileptonic decays, one considers the de-
cay of the B meson into a specific final state X = D⇤, ⇡, ....
In this case, one parameterizes the necessary hadronic ma-
trix element in terms of form factors, which are nonper-
turbative functions of the momentum transfer q2. This75

is discussed in Sections 17.1.2 and 17.1.4. Two methods
to determine the necessary form factors are lattice QCD
(LQCD) and light-cone sum rules (LCSR). In LQCD the
QCD functional integrals for the matrix elements are com-
puted numerically from first principles. Heavy-quark e↵ec-80

tive theory (HQET), and nonrelativistic QCD (NRQCD),

were first introduced, at least in part, to enable lattice-
QCD calculations with heavy quarks. Even when these
formalisms are not explicitly used, heavy-quark dynam-
ics are usually used to control discretization e↵ects. An85

exception are the most recent determinations of mb from
lattice QCD, discussed below, which use a lattice so fine
that the b quark can be treated with a light-quark formal-
ism. A complementary method is based on LCSR which
use hadronic dispersion relations to approximate the form90

factor in terms of quark-current correlators, which can be
calculated in an operator product expansion (OPE).

In inclusive semileptonic decays, one considers the sum
over all possible final states X that are kinematically al-
lowed. Employing parton-hadron duality one can replace95

the sum over hadronic final states with a sum over par-
tonic final states. This eliminates any long-distance sensi-
tivity to the final state, while the short-distance QCD cor-
rections, which appear at the typical scale µ ⇠ mb of the
decay, can be computed in perturbation theory in terms of100

the strong coupling constant ↵s(mb) ⇠ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ⇤QCD/mb ⇠ 0.1, with ⇤QCD

a typical hadronic scale of order mB �mb ⇠ 0.5 GeV. This
is called the heavy quark expansion (HQE), and it system-105

atically expresses the decay rate in terms of nonperturba-
tive parameters that describe universal properties of the
B meson. This is discussed in Sections 17.1.3 and 17.1.5.

17.1.1.3 Experimental Techniques

As in other analyses of BB̄ data recorded at B facto-110

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e� ! `+`�(�) with ` = e, µ, or ⌧ , and quark-antiquark
pair production, e+e� ! qq(�) with q = u, d, s, c.115

The suppression of the continuum background is achieved
by requiring at least four charged particles in the event and
by imposing restrictions on several event shape variables,
either sequentially on individual variables or by construct-
ing multivariable discriminants. Among these variables are120

thrust, the maximum sum of the longitudinal momenta of
all particles relative to a chosen axis, �✓thrust, the angle
between the thrust axis of all particles associated with the
signal decay and the thrust axis of the rest of the event,
R2, the ratio of the second to the zeroth Fox-Wolfram mo-125

ments, and L0 and L2, the normalized angular moments
(introduced in Sec. 9).

The separation of semileptonic B decays from BB̄
backgrounds is very challenging because they result in one
or more undetected neutrinos. The energy and momentum
of the missing particles can be inferred from the sum of
all other particles in the event,

(Emiss,pmiss) = (E0,p0) � (
X

i

Ei,
X

i

pi), (17.1.3)

where (E0,p0) is the four-vector of the colliding beams. If
the only undetected particle in the event is one neutrino,

[Illustration by F. Tackmann]
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FIG. 1. (Color online) Fit to the missing mass squared distribution in three bins of w for the B+ ! ¯D0e+⌫e sub-sample. Points

with error bars are the data. Histograms are (from top to bottom) the B ! D`⌫` signal (green), the B ! D⇤`⌫` cross-feed

background (red), and other backgrounds (blue). The p-values of the fits are (from left to right) 0.55, 0.21, and 0.10.
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FIG. 2. Same as Fig. 1 for the B+ ! ¯D0µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.71, 0.38, and 0.42.
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FIG. 3. Same as Fig. 1 for the B0 ! D�e+⌫e sub-sample. The p-values of the fits are (from left to right) 0.30, 0.10, and 0.96.
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FIG. 4. Same as Fig. 1 for the B0 ! D�µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.92, 0.39, and 1.00.
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FIG. 7. Di�erential width of B ! D`⌫` and result of the combined fit to experimental and lattice QCD (FNAL/MILC and

HPQCD) data. The BGL series (Eq. (8)) is truncated after the cubic term. The points with error bars are Belle and LQCD

data (only results for f+ are shown on this plot). For Belle data, the uncertainties are represented by the vertical error bars

and the bin widths by the horizontal bars. The solid curve corresponds to the result of the fit. The shaded area around this

curve indicates the uncertainty in the coe�cients of the BGL series.

We interpret our measurement of ��/�w in terms of �EW|Vcb| by using the currently most established method,
i.e., by fitting ��/�w to the Caprini, Lellouch and Neubert (CLN) form-factor parameterization and by dividing
�EWG(1)|Vcb| by the form factor normalization at zero recoil G(1) to obtain �EW|Vcb|. Assuming the value G(1) =
1.0541 ± 0.0083 [15], we find �EW|Vcb| = (40.12 ± 1.34) � 10�3. Recent lattice data also allows to perform a combined
fit to the model-independent form-factor parameterization by Boyd, Grinstein and Lebed (BGL). We find �EW|Vcb| =
(41.10 ± 1.14) � 10�3 with the lattice QCD data from FNAL/MILC [15] and HPQCD [32].

Assuming �EW = 1.0066 ± 0.0016 [12], our results correspond to a value of |Vcb| = (39.86 ± 1.33) � 10�3 for the fit
using the CLN form-factor parameterization and G(1), and |Vcb| = (40.83 ± 1.13) � 10�3 for the fit using the BGL
parameterization and lattice data.

These results supersede the previous Belle measurement [36]. Compared to the previous analysis by BaBar [6], we
reconstruct about 5 times more B ! D`⌫` decays; this results in a significant improvement in the precision of the
determination of �EW|Vcb| from the decay B ! D`⌫` to 2.8%. The value of �EW|Vcb| extracted with the combined
analysis of experimental and LQCD data is in agreement with both |Vcb| extracted from inclusive semileptonic de-
cays [3] and |Vcb| from B ! D⇤`⌫` decays [4, 5]. The measured branching fractions are higher although still compatible
with those obtained by previous analyses [6].

|Vcb| = (40.12 ± 1.34) ⇥ 10�3 (World average: (39.5 ± 0.8) ⇥ 10�3 )
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“Missing	Energy	Decay”	in	a	Belle	II	GEANT4	simulaKon
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Belle	II	Flagship:	H+	Search	in	B+→τυ,	µυ
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Helicity	suppressed	-	very	small	in	SM.	
NP	could	interfere	e.g.	charged	Higgs.

and the Gegenbauer momenta [43]:
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ξ3 +

(

3

7
a∥2 + 5ζA

3

)

(

3ξ2 − 1
)

+

(

9

112
a∥2 +

105

16
ζV
3 −

15

64
ζA
3 ωA

1,0

)

(

3 − 30ξ2 + 35ξ4
)

+
3

2
δ̃+ (2 + ln u + ln ū) +

3

2
δ̃− (2ξ + ln ū − ln u) . (170)

To compute X⊥, the parameter X = ln(mB/Λh) (1+ϱ eiϕ) is introduced to parametrize the
logarithmically divergent integral

∫ 1
0 dx/(1 − x). ϱ ≤ 1 and the phase ϕ are arbitrary, and

Λh ≈ 0.5 GeV is a typical hadronic scale. The remaining parameters are given in Appendix I.

SuperIso first computes numerically all the integrals and the Wilson coefficients, and then
calculates the isospin asymmetry of B → K∗γ using all the above equations.

E.3 Branching ratio of Bu → τντ

The purely leptonic decay Bu → τντ occurs via W+ and H+ mediated annihilation pro-
cesses. This decay is helicity suppressed in the SM, but there is no such suppression for
the charged Higgs exchange at high tan β, and the two contributions can therefore be of
similar magnitudes. This decay is thus very sensitive to charged Higgs boson and provide
important constraints.

The branching ratio of Bu → τντ in supersymmetry is given by [44]

BR(Bu → τντ ) =
G2

F f2
B|Vub|2

8π
τBmBm2

τ

(

1 −
m2

τ

m2
B

)2 [

1 −
(

m2
B

m2
H+

)

tan2 β

1 + ϵ0 tan β

]2

, (171)

where ϵ0 is given in Eq. (66), and τB is the B± meson lifetime which is given in Appendix I
together with the other constants in this equation.

The following ratio is usually considered to express the new physics contributions:

RMSSM
τντ

=
BR(Bu → τντ )MSSM

BR(Bu → τντ )SM
=

[

1 −
(

m2
B

m2
H+

)

tan2 β

1 + ϵ0 tan β

]2

, (172)

which is also implemented in SuperIso.

In the 2HDM, Eq. (171) takes the form

BR(Bu → τντ ) =
G2

F f2
B|Vub|2

8π
τBmBm2

τ

(

1 −
m2

τ

m2
B

)2 [

1 −
(

m2
B

m2
H+

)

λbbλττ

]2

, (173)

where the Yukawa couplings λbb,λττ can be found in Table 1 for the four types of 2HDM
Yukawa sectors.

58

BFSM RH

Belle, B→ τ ν (Had) PRL110 131801 (2013) 
Belle, B→ τ ν (SL) PRD 92, 5, 051102 (2015)

The	B	meson	decay	constant

|Vub|	:	from	indep.	measurements.

Type λDD λLL
I cot	β	 cot	β	
II -	tan	β	 -	tan	β	
III -	tan	β	 cot	β	
IV cot	β	 -	tan	β	
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B→τ/e/µν(γ)	ProjecKons

23

Belle	Ave. Belle	II

5	ab-1 50	ab-1

B→τν		96(1±22%) 10% 3%

B→µν		 <1.7 20% 7%

With	the	full	B	factory	
statistics	only	“evidence”.	
No	single	observation	from	
either	Belle	or	BaBar.	
Belle	II	→	5	σ	discovery

6

(a) (a)

(b) (b)

(c) (c)

(d) (d)

(e) (e)

FIG. 2. Distributions for (a) ⌧+ ! µ+⌫̄⌧⌫µ, (b) ⌧
+ ! e+⌫̄⌧⌫e,

(c) ⌧+ ! ⇡+⌫̄⌧ , (d) ⌧+ ! ⇢+⌫̄⌧ , and (e) the sum of them.
The left and right columns show the distributions of EECL

and p⇤sig projected in the region EECL < 0.2 GeV, respec-
tively. The markers show the data distribution, the solid line
the total fitted distribution, and the dashed line the signal
component. The orange (red) filled distribution represents
the BB̄ (continuum) background.

originates from the error on the slope; the signal recon-
struction e�ciency; the branching fractions of the dom-
inant background decays peaking in the EECL signal re-
gion, e.g., B+ ! D̄

0
`

+
⌫` followed by D

0 ! KLKL or
D

0 ! KLKLKL; the correction of the tagging e�ciency,
obtained from the double-tagged samples and assumed to
be 100% correlated among the four ⌧ decay modes; and
the branching fractions of the ⌧ lepton. For branching
fractions of D mesons with multiple KL mesons in the

TABLE II. Signal yields and branching fractions, obtained
from fits for the ⌧ decay modes separately and combined.
Errors are statistical only.

Decay mode Nsig B(10�4)

⌧+ ! µ+⌫̄⌧⌫µ 13±21 0.34±0.55
⌧+ ! e+⌫̄⌧⌫e 47±25 0.90±0.47
⌧+ ! ⇡+⌫̄⌧ 57±21 1.82±0.68
⌧+ ! ⇢+⌫̄⌧ 119±33 2.16±0.60
Combined 222±50 1.25±0.28

TABLE III. List of systematic uncertainties.

Source Relative uncertainty (%)

Continuum description 14.1
Signal reconstruction e�ciency 0.6
Background branching fractions 3.1
E�ciency calibration 12.6
⌧ decay branching fractions 0.2
Histogram PDF shapes 8.5
Best candidate selection 0.4
Charged track reconstruction 0.4
⇡0 reconstruction 1.1
Particle identification 0.5
Charged track veto 1.9
Number of BB̄ pairs 1.4
Total 21.2

final state, we use the values for corresponding decays
with KS and take 50% of the value as the uncertainty.
To estimate the e↵ect of the uncertainty on the shape

of the histogram PDFs due to the statistical uncertainty
in the MC, the content of each bin is varied following a
Poisson distribution with the initial value as the mean.
This is repeated 1000 times and the standard deviation
of the distribution of branching fractions is taken as sys-
tematic uncertainty. For the systematic uncertainty re-
lated to the best-candidate selection, we repeat the fit
without applying this selection. The result is divided
by the average multiplicity of 1.07 and compared to the
nominal fit result. The uncertainties on the e�ciency
of the reconstruction of charged tracks and neutral pi-
ons and on the e�ciency of the particle identification
have been estimated using high-statistics control sam-
ples. The charged-track veto is tested using the D

0
⇡

+

double-tagged sample by comparing the number of addi-
tional charged tracks in MC and data events. We find
that it agrees well and so take the relative statistical un-
certainty on the control sample as the systematic un-
certainty. We also test an alternative description of the
continuum background in EECL by using a polynomial of
second order but the deviation is well covered by the re-
lated systematic uncertainty so we do not include it sep-
arately. The quadratic sum of all contributions is 21.2%.
We find evidence for B+ ! ⌧

+
⌫⌧ decays with a signifi-

cance of 3.8�, by convolving the likelihood profile with a
Gaussian whose width is equal to the systematic uncer-

Belle, B→ τ ν (Had) PRL110 131801 (2013) 
Belle, B→ τ ν (SL) PRD 92, 5, 051102 (2015)

Inclusive	B	background
Continuum	background
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NP	Fits	with	CKMFiter

24

L.	Pesantez,	PU,	CKMFitter,	2015

Currently	inclusive	bàsγ		
rules	out	mH+	below		~540	
GeV/c2		range	at	95%	CL	
(independent	of	tanβ	
assuming	no	other	NP)

mH+	[GeV]

The	current	combined	
Bàτυ	limit	places	a	
stronger	constraint	than	
direct	searches	from	LHC	
exps.	for	the	next	few	
years.
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Anomaly	in	B	→	D(*)	τ	ν	

25

• CombinaKon	is	near	4	σ	
from	SM.	

• Appears	to	rule	out	Type	II	
2HDM	(inconsistently	
favoured	RD	and	RD*)

R(D)
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

R
(D
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0.2

0.25

0.3

0.35

0.4
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0.5
Belle II Projection
Belle Combination
Babar
LHCb
World Combination
SM prediction: PRD92 054410 (2015), PRD85 094025 (2012)

 contoursσ1 

ICHEP 2016 Preliminary

Belle,	Phys.Rev.D	92,	072014	(2015)	
Belle,	Phys.Rev.D	94,	072007	(2016)	
Belle,	arXiv:1612.00529	(to	PRL)
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The R(D(⇤)) anomaly
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B-Factories 13% 16.2%
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B-Factories 7.1% 9.0%

Belle II 5/ab 2.1% 3.2%
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R(D⇤⇤)

Belle II with 50/ab

B→D(*)τν%
!  Also, tree level – BaBar result 
!  Similar to B-→τ-ν analysis 
!  Fully reconstruct 
one B, keep events with  
an additional D(*) plus 
an e- or µ-. 
!  Signal is wide,  
background, especially  
D**l ν, needs careful estimation 

HPCSS14, August, 2014! 34 

mmiss
2 > 1GeV

b W , H  ?- e  or μ 

}c ν 
q q D, or D*

τ

-
 ν  ν τ 
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B→	D(*)	τ	ν	

  45

B→D(*)τν at Belle  

● Reconstruct one B in Υ(4S)→BB event
– Either hadronic (PR D92 (2015) 072014) or semileptonic 

(arXiv:1603.06711) decay mode 
● First application of semileptonic tagging for B →D(*)τν

– Look for signal in the recoil

 PR D92 (2015) 072014
&  arXiv:1603.06711

Tim Gershon
Precision measurements

NN > 0.8

R(D*) = 0.302 ± 0.030 ± 0.011 26

• Reconstruct	one	B	in	Υ(4S)→BB	event		
Either	hadronic	or	semileptonic	decay	mode		
First	applicaKon	of	semileptonic	tagging	for	B	→D(*)τν		

• Look	for	signal	in	the	recoil,	B→D*τν,	D*	→	Dπ,	D→many,	τ→lνν,

  45

B→D(*)τν at Belle  

● Reconstruct one B in Υ(4S)→BB event
– Either hadronic (PR D92 (2015) 072014) or semileptonic 

(arXiv:1603.06711) decay mode 
● First application of semileptonic tagging for B →D(*)τν

– Look for signal in the recoil

 PR D92 (2015) 072014
&  arXiv:1603.06711

Tim Gershon
Precision measurements

NN > 0.8

R(D*) = 0.302 ± 0.030 ± 0.011

Belle,	Phys.Rev.D	92,	072014	(2015)	
Belle,	Phys.Rev.D	94,	072007	(2016)	
Belle,	arXiv:1612.00529	(to	PRL)
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Limits	on	Type	II	2HDM	From	Belle

27

11

FIG. 5. The measured values of R(D∗) for (left) the type-II 2HDM and (right) R2-type leptoquark models, where central
values are given as the solid (red) curves and the 1σ uncertainties are given as the shaded (yellow) regions. The theoretical
predictions and their 1σ uncertainties are shown as solid (blue) curves and hatched (light blue) regions, respectively [21].

FIG. 6. Background-subtracted momentum distributions of D∗ (top) and ℓ (bottom) in the region of ONB > 0.8 and EECL < 0.5
GeV for (left) the SM, (center) the type-II 2HDM with tanβ/mH+ = 0.7 GeV−1, and (right) R2-type leptoquark model with
CT = +0.36. The points and the shaded histograms correspond to the measured and expected distributions, respectively. The
expected distributions are normalized to the number of detected events.

[19] D.J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).

[20] R. Brun et al., GEANT3.21, CERN Report No.
DD/EE/84-1, (1984) (unpublished).

[21] M. Tanaka and R. Watanabe, Phys. Rev. D 87, 034028
(2013).

[22] D. Scora and N. Isgur, Phys. Rev. D 52, 2783 (1995).

[23] A.K. Leibovich, Z. Ligeti, I.W. Stewart, and M.B. Wise,
Phys. Rev. D 57, 308 (1998).

[24] K. Hanagaki, H. Kakuno, H. Ikeda, T. Iijima, and
T. Tsukamoto, Nucl. Instrum. Methods Phys. Res., Sect.
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[25] A. Abashian et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 491, 69 (2002).

2HDM

17

(a)SM. (b)Type-II 2HDM with tan β/mH+ = 0.7
GeV−1.

(c)SM with adding contribution from OV2

(CV2
= +1.88).

(d)SM with adding contribution from OT

(CT = +0.36).

(e)R2-type leptoquark model with CT = +0.36. (f)S1-type leptoquark model with CT = +0.26.

FIG. 11. Background-subtracted D∗ momentum distributions in the region of ONB > 0.8 and EECL < 0.5 GeV. The points
and the shaded histograms correspond to the measured and expected distributions, respectively. The expected distributions
are normalized to the number of detected events.
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and the shaded histograms correspond to the measured and expected distributions, respectively. The expected distributions
are normalized to the number of detected events.

Belle,	Phys.Rev.D	94,	072007	(2016)
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The	|Vub|	puzzle:	B	→	Xu	l	ν	
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• Inclusive	versus	exclusive	determinaKons	(form	factor	-	exclusive	vs	heavy	
quark	symmetry	-	inclusive)	3	σ	anomaly	

• Only	Belle	II	can	resolve	this	puzzle	~	2%	precision	expected.

34M.Rotondo KK-FF2015

Results Nature Phys.11(2015)743

•Discrepancy	could	be	right	handed	
currents	with	coupling	VubR	

•B→π	l	ν	rate	goes	as	|VubL	+	VubR|2	

•B→τ	ν	rate	goes	as	|VubL	-	VubR|2	

•B→Xu	l	ν	rate	goes	as	|VubL|	+	|VubR|2

Semi-
leptonic

Vqb
W −

−

ν̄
b

qu

u

54

Precision measurements of CKM matrix 
elements priority
Exclusive measurements profit from 
large Belle II data samples

• Established measurement method: fully 
hadronic reconstruction of second B-
meson

• Very low efficiency due to low hadronic 
Branching Fractions (of the order 0.2-0.3%)

⌥(4S)

B0

B0

semileptonic
signal mode

hadronic
decay

Error on |Vcb| stat. tot.

B-Factories 0.6% 3.6%

Belle II 5/ab 0.2% 1.8%

Belle II 50/ab 0.1% 1.4%

B ! D⇤` ⌫̄`

Error on |Vub| stat. tot.

B-Factories 5.8% 10.8%

Belle II 5/ab 2.2% 4.7%

Belle II 50/ab 0.7% 2.4%

Neutrino of signal decay
the only missing particle!

Error on |Vub| stat. tot.

B-Factories 2.7% 9.4%

Belle II 5/ab 1.0% 4.2%

Belle II 50/ab 0.3% 2.2%

B ! ⇡ ` ⌫̄`
had. tagged

B ! ⇡ ` ⌫̄`
untaggedhad. tagged

Semi-
leptonic

Vqb
W −

−

ν̄
b

qu

u

55

Error on |Vcb| stat. tot.

B-Factories 1.5% 1.8%

Belle II 50/ab 0.5% 1.2%

B ! Xc` ⌫̄`

Error on |Vub| stat. tot.

B-Factories 4.5% 6.5%

Belle II 5/ab 1.1% 3.4%

Belle II 50/ab 0.4% 3%

⌥(4S)

B0

B0

semileptonic
signal mode

hadronic
decay

Neutrino of signal decay
the only missing particle!

Precision measurements of CKM matrix 
elements a priority
Improvements on inclusive 
measurements less clear.

• |Vcb| systematically and theory limited; need 
new approaches and ideas

• |Vub| will gain; but need to improve on 
understanding of background and 
methodology

B ! Xu ` ⌫̄`
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The	|Vub|	puzzle:	B	→	Xu	l	ν	
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Precision measurements of CKM matrix 
elements priority
Exclusive measurements profit from 
large Belle II data samples

• Established measurement method: fully 
hadronic reconstruction of second B-
meson

• Very low efficiency due to low hadronic 
Branching Fractions (of the order 0.2-0.3%)
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Error on |Vcb| stat. tot.

B-Factories 1.5% 1.8%

Belle II 50/ab 0.5% 1.2%

B ! Xc` ⌫̄`

Error on |Vub| stat. tot.

B-Factories 4.5% 6.5%

Belle II 5/ab 1.1% 3.4%

Belle II 50/ab 0.4% 3%

⌥(4S)

B0

B0

semileptonic
signal mode

hadronic
decay

Neutrino of signal decay
the only missing particle!

Precision measurements of CKM matrix 
elements a priority
Improvements on inclusive 
measurements less clear.

• |Vcb| systematically and theory limited; need 
new approaches and ideas

• |Vub| will gain; but need to improve on 
understanding of background and 
methodology

B ! Xu ` ⌫̄`

B2Tip November 2016 WG9: Experimental Summary

ɣCombo / WG1

|Vub| and |Vcb| overview

27

Matthew Kenzie, Alison Tully 

https://indico.cern.ch/event/586618/contributions/2363356/attachments/1367022/2080614/
BelleIIGreenPaper.pdf

• Vub exclusive measurements from Belle and Belle II

• Vub inclusive measurements from Belle and Belle II

• An exclusive measurement of Vub/Vcb using ⇤0
b ! pµ�⌫µ decays from LHCb

• The indirect prediction using CKMfitter (only the current value is available). Given the business
of the plot perhaps this should be removed entirely. This is incorporated by using the indirect
measurements of Vud, Vcd and � along with the relation � = arcsin(VubVud/VcbVcd).

The values used are:

Observable Central Value Uncertainties

Current Projected (WP1) Projected (WP2)

Vcb exclusive 39.4⇥ 10�3 0.6 ⇥ 10�3 1.6% 1.1%

Vub exclusive 3.72⇥ 10�3 0.22⇥ 10�3 4.4% 2.3%

Vcb inclusive 42.5⇥ 10�3 0.9 ⇥ 10�3 1.3% 1.2%

Vub inclusive 4.5 ⇥ 10�3 0.3 ⇥ 10�3 3.4% 3.0%

Vub/Vcb from ⇤0
b ! pµ�⌫µ 0.083 0.0056 3.6% 3.1%

Vud indirect 0.97424 0.00012 - -

Vcd indirect 0.22534 0.00051 - -

� indirect 0.38 0.013 - -

Table 2: The central values and uncertainties used for the Vub vs. Vcb plot

The resulting plot(s) is shown in Fig. 2. There are two versions one (left) includes the current
combinations for the exclusive and inclusive modes and the other (right) has them removed. We prefer
the one on the right.
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Figure 2: Plots showing the expected sensitivity to the quark transition amplitudes Vub and Vcb using
inclusive and exclusive measurement techniques. The plot on the left as the current combination of
exclusive and inclusive measurements shown by the purple and green circles respectively. The indirect
constraint from CKM is shown as the yellow band (could also be removed).

5 RD vs. RD⇤

This plot shows the expected uncertainty projections for measurements of RD and RD⇤ (the ratio of

branching fractions for B
0 ! D(⇤)+⌧�⌫⌧ and B

0 ! D(⇤)+µ�⌫µ). We put the central value exactly
where the current world average is.

The inputs used are:

• The SM prediction

• The Current world average from HFAG (BaBar + Belle + LHCb)

3

Current sensitivity: hatched 
5/ab or 10/fb: cross-hatched
50/ab or 22/fb: dotted

Matt & Alison propose to use this one
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Flavour	changing	neutral	currents

•Massive,	beyond	SM,	parKcles	may	
contribute	to	B	decay	processes	in	loop	
diagrams.	b→s	&	b→d	can	be	probed	

•Bs	mixing	

•b	→	s	g	(e.g.	TDCPV	in	B0	→	Φ	Ks,	etc.)	

•b	→	s	γ	(e.g.	decay	rate,	TDCPV)	

•b	→	s	l+	l-	(e.g.	F-B	asymmetry	test	of	
chirality)	

•b	→	s	ν	ν

30

While it is not possible to isolate a pure sam-
ple of neutrons, we estimate this component
using anti-protons in ⇤ ! p�⇡+ decays. We
found that the selection e�ciency on the clus-
ter shape criterion for anti-protons is under-
estimated by 50%. We scale the hadronic
cluster contributions by a factor of 2 and as-
sign a 50% uncertainty to account for any
discrepancies between anti-proton and anti-
neutron cluster shapes. Clusters from elec-
trons without an associated track contribute
less than 1% to the overall background, and
we assign a 20% uncertainty on their yield.

The remaining 6% of the BB̄ background
consists of photons from several sources: de-
cays of ! and ⌘0 mesons, bremsstrahlung and
others. None of the single contributions is
significantly large, making it di�cult to cor-
rect them individually. We scale this compo-
nent to match data in the region 1.40  E*

� 
1.55GeV with a factor of 1.30± 0.15, where
the uncertainty is statistical.

After subtracting all background con-
tributions we find 8275 ± 268 (stat) ±
488 (syst) events in the region 1.8  E*

� 
2.8GeV. The background-subtracted spec-
trum is shown in Fig. 1, and is systemati-
cally limited in the low energy region where
BB̄ background dominates.

Using the measured spectrum, we deter-
mine the HQE parameters mb and µ2

⇡ us-
ing the shape-function scheme. The theo-
retical calculation is carried out in the B
rest frame, whereas the reported spectrum
is measured in the CM frame. The calcu-
lation assumes that any resonant structure
is su�ciently broadened by the experimental
resolution, and the spectrum can be fully de-
scribed inclusively. This is reasonable as the
calorimeter resolution and Doppler broaden-
ing would together make it impossible to re-
solve any resonant structure. We use MC
simulation to include these e↵ects in the the-
oretical expectation. After this we apply se-
lection e�ciency e↵ects, and the theoretical
and measured spectra are compared. We per-
form a chi-squared fit in which mb and µ2

⇡

are free parameters and use the full experi-
mental covariance matrix of the background-
subtracted spectrum. The fit is performed
in the photon energy region 1.8  E*

� 
2.8GeV, and we findmb = 4.626± 0.028GeV
and µ2

⇡ = 0.301± 0.063GeV2 with a correla-
tion of ⇢ = �0.701.
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FIG. 1. Background-subtracted B̄ ! Xs+d�
photon energy spectrum. The internal (red) er-
ror bars represent statistical uncertainties, the
outer (black) error bars represent total uncer-
tainties. The histogram is the shape-function
scheme spectrum with the best fit values for mb

and µ2

⇡. The vertical lines show the measure-
ment region.

We also report the inclusive B̄ ! Xs+d�
branching fraction for various energy thresh-
olds.

BEB
� �E

s+d� =
1

"
rec

· ↵EB
� �E

2NBB "
e↵

NEB
� � E. (3)

Here NEB
� �E is the integral of the spectrum

for a given threshold, "
e↵

is the selection e�-
ciency, NBB is the total number of BB̄ pairs
and "

rec

is the e�ciency for a signal pho-
ton to be reconstructed in the calorimeter.
The factor ↵EB

� �E transforms the measure-
ment at a given threshold energy from the
CM frame to the B meson rest frame. Both
the selection e�ciency and ↵EB

� �E are model
dependent. To calculate them, we fit our
spectrum using the Kagan-Neubert, kinetic

8

Belle arXiv:1608.02344

•FCNC	or	penguin	decays	are	very	sensiKve	to	new	parKcles	and	interacKons.

University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

Flavour Anomalies: b → sμμ

Penguin decays are very sensitive to new physics 
contributions
In b → sμμ new physics can enter via new mediators 
and alter the total rate, but also the angular correlations

• P5’ is one particular observable depending on the helicity angle and the 
tilting angle of the decay planes, normalized by the fraction of longitudinal 
polarized K* mesons

• P5’ can be predicted reliably as many form factor uncertainties cancel 
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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 
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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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Use ratio to cancel FF dependence: &'( = *'/ ,-(1 − ,-)
Full Run-1 dataset and new analysis confirms discrepancy
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P’5 measurements from ATLAS & CMS in work

B! µµK ⇤ at LHCb (1 fb�1) — 2nd paper
[LHCb, Phys. Rev. Lett. 111 (2013) 191801, arXiv:1308.1707]
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We also measure P

0
4,5 = S4,5p

FL(1�FL)
,

which are largely free from
form-factor uncertainties, [Descotes-Genon

et al., JHEP, 1305:137, 2013]

4 Local discrepancy in P

0
5 at 3.7�

observed. (P = 0.5% with
look-elsewhere e↵ect)

Patrick Koppenburg 2014-D0-Dimuon CKM workshop 2014 [43/45]

P 0
5 =

S5p
FL(1� FL)

q2 = (pB � pK⇤)2 =
�
pµ + p0µ

�2
= m2

µµ• Deviation from SM of the order 3.4σ

B ! K⇤ µµ

γ 

Br(B→Xsγ)=
(3.01± 0.10(stat) ± 0.18(syst) ± 0.08(model))×10−4 
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AFB(B→	K*l+l–)(q2)

31

Ali,	Mannel,	Morozumi,	PLB273,	505	(1991)

Multiple	heavy	particles	of	the	SM	(W,	Z,	top)	enter	in	this	decay.

B

K*

l−

l+

θ B

K*

l+

l−
θ

The	SM	forward-backward	
asymmetry	in	b→	s	l+	l-	arises	
from	the	interference	between	γ	
and	Z0	contributions.	

Forward Backward
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LHCb	&	Belle	results	on	B→	K*	μ+μ–	(q2)

32

“The	P5’	measurements	are	only	compatible	with	the	
SM	prediction	at	a	level	of	3.7σ…..A	mild	tension	can	
also	be	seen	in	the	AFB	distribution,	where	the	
measurements	are	systematically	<=1σ	below	the	SM	
prediction	in	the	region	1.1<q2<	6.0	GeV2”

Result for the angular observable P 0
5

S. Wehle | DESY | LHC Ski 2016, 14.04.2016 | Page 12/15
Intoduction Angular Analysis Result

  40

Tension with SM in the P
5
' observable

● Dimuon pair is predominantly spin-1

– either vector (V) or axial-vector (A)

● There are 6 non-negligible amplitudes

– 3 for VV and 3 for VA (K*0μ+μ–)

– expressed as AL,R
0,┴,║ (transversity basis)

● P5' related to difference between relative phase of longitudinal (0) 
and perpendicularly (┴) polarised amplitudes for VV and VA

– constructed so as to minimise form-factor uncertainties

Sensitive to NP in V or A couplings (Wilson coefficients C
9

(') & C
10

('))

JHEP 02 (2016) 104

Tim Gershon
Precision measurements

Belle arXiv:1604.04042

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 
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Use ratio to cancel FF dependence: &'( = *'/ ,-(1 − ,-)
Full Run-1 dataset and new analysis confirms discrepancy
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P’5 measurements from ATLAS & CMS in work

EWP

70

Electroweak penguin production very sensitive to New Physics
• Radiative penguins offer interesting probe for |C7 |

• ACP measurements of B →Xd/s ɣ and B →Xd+s ɣ
• Leptonic penguins access |C7 |, |C9 | and |C10 |

• Can measure full repertoire of kinematic, angular and    
CP observables

• Belle II can access inclusive and exclusive decays
• Way to deal with QCD independent; valuable cross check 
when anomalies show up (cf. slide 19)
• Measured B →Xs ll  AFB sensitive to |C7 |, |C9 | ratio

Error stat. tot.

B-Factories 13.4% 16.8%

Belle II 5/ab 4.8% 7.5%

Belle II 50/ab 1.5% 5.1%

B ! Xs�

Error stat. tot.

B-Factories 4.2% 12.3%

Belle II 5/ab 1.5% 6.6%

Belle II 50/ab 0.5% 5.4%

had. taggeduntagged
B ! Xs� B ! Xs ``

Error tot.

B-Factories 19%

Belle II 5/ab 9%

Belle II 50/ab 6%

C7/C9 ratio
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Lepton	Flavour	Universality	ViolaKon
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• Belle	II	much	more	
powerful	on	e	modes.

• Z ′ P ′5

•
•
•
• B+→ J/ψK+

• 3fb−1

RK = 0.745+0.090−0.074(stat.)
+0.036
−0.036(syst.)

• 2.6σ

•

Marcin Chrząszcz
/

• Z ′ P ′5

•
•
•
• B+→ J/ψK+

• 3fb−1

RK = 0.745+0.090−0.074(stat.)
+0.036
−0.036(syst.)

• 2.6σ

•

Marcin Chrząszcz
/

B0→ K∗ee

•
• C7 b→ sγ

Marcin Chrząszcz
/

R(K), R(K*), R(Xs) at Belle II

13

• Belle II
• All K, K* and Xs modes possible
• The errors reach to 0.02 for all K, K* and Xs modes
• Electron and muon modes have same efficiency
• Sensitive to both low and high q2

LHCb

Melbourne	MSc	Thesis,	A.	Duong
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Beyond	SM	in	the	Lepton	Sector

• No	right-handed	neutrinos	in	the	SM,	
implies	they	are	massless.		

• Neutrino	oscillaKons	show	they	have	
small	but	finite	masses.		

• Where	are	the	R-handed	
Neutrinos?	

• Mechanism	beyond	SM	is	needed.

34

Neutrino Mass
Neutirno mass term (= effectively dim-5 operator) 

Mechanism for tiny masses: 
mn

ij= (cij/M) v2 < 0.1 eV

Seesaw (tree level)   

mn
ij = yiyj v2/M M = 1014 GeV (for yi=O(1))

Quantum Effects (Radiative Seesaw)

mn
ij = [1/(16p2)]N Cij v2/M         M=1 TeV   

Leff = (cij/M) ni
Lnj

L f f <f> = v = 246GeV

N-th order of perturbation 

Seesaw	mechanisms	are	candidates
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rinos. These neutrinos interact with atomic nuclei in the
water to produce electrons, muons or tau leptons that travel
faster than the speed of light in water to produce a shock wave
of light called Cerenkov radiation. This radiation can be
detected by sensitive photomultiplier tubes surrounding the
water tank.

From these signals, the SuperKamiokande team could also
determine the directions from which the neutrinos came.
Since the Earth is essentially transparent to neutrinos, those
produced high in the atmosphere on the opposite side of the
planet can reach the detector without any problems. The
team discovered that about half of the atmospheric neutrinos
from the other side of the Earth were lost, while those from
above were not. The most likely interpretation of this result is
that the muon neutrinos converted or “oscillated” to tau neut-
rinos as they passed through the Earth. SuperKamiokande is
unable to identify tau neutrinos. The particles coming from
the other side of the Earth have more opportunity to oscillate
than those coming from above. Moreover, if neutrinos con-
vert to something else by their own accord, we conclude that
they must be travelling slower than the speed of light and
therefore must have a mass.

SuperKamiokande was also used to monitor solar neut-
rinos. The fusion reactions that take place in the Sun only
produce electron neutrinos, but these can subsequently oscil-
late into both muon and tau neutrinos. Though the experi-
ment was able to detect the solar neutrinos, it was unable 
to distinguish between the different neutrino types. In con-
trast, the Sudbury Neutrino Observatory (SNO) in Canada
can identify the electron neutrinos because it is filled with
“heavy water”, which contains hydrogen nuclei with an extra
neutron. Small numbers of electron neutrinos react with the
heavy-hydrogen nuclei to produce fast electrons that create
Cerenkov radiation (figure 1).

By combining the data from SuperKamiokande and its own
experiment, the SNO collaboration determined how many
muon neutrinos or tau neutrinos were incident at the Japan-
ese detector. The SNO results also provided further evidence
for neutrino mass and confirmed that the total number of
neutrinos from the Sun agreed with theoretical calculations.

The implications of neutrino mass are so great that it is 
not surprising that particle physicists had been searching 
for direct evidence of its existence for over four decades. In
retrospect, it is easy to understand why these searches were
unsuccessful (figure 3). Since neutrinos travel at relativistic
speeds, the effect of their mass is so tiny that it cannot be
determined kinematically. Rather than search for neutrino
mass directly, experiments such as SuperKamiokande and
SNO have searched for effects that depend on the difference in
mass between one type of neutrino and another.

In some respects these experiments are analogous to inter-
ferometers, which are sensitive to tiny differences in frequency
between two interfering waves. Since a quantum particle can
be thought of as a wave with a frequency given by its energy
divided by Planck’s constant, interferometry can detect tiny
mass differences because the energy and frequency of the
particles depend on their mass.

Interferometry works in the case of neutrinos thanks to the
fact that the neutrinos created in nuclear reactions are actu-
ally mixtures of two different “mass eigenstates”. This means,
for example, that electron neutrinos slowly transform into 
tau neutrinos and back again. The amount of this “mixing” is

quantified by a mixing angle, θ. We can only detect interfer-
ence between two eigenstates with small mass differences if
the mixing angle is large enough. Although current experi-
ments have been unable to pin down the mass difference and
mixing angle, they have narrowed down the range of possi-
bilities (figure 4).

Implications of neutrino mass
Now that neutrinos do appear to have mass, we have to solve
two problems. The first is to overcome the contradiction be-
tween left-handedness and mass. The second is to understand
why the neutrino mass is so small compared with other parti-
cle masses – indeed, direct measurements indicate that elec-
trons are at least 500 000 times more massive than neutrinos.
When we thought that neutrinos did not have mass, these
problems were not an issue. But the tiny mass is a puzzle, and
there must be some deep reason why this is the case.

Basically, there are two ways to extend the Standard Model
in order to make neutrinos massive. One approach involves
new particles called Dirac neutrinos, while the other ap-
proach involves a completely different type of particle called
the Majorana neutrino.

The Dirac neutrino is a simple idea with a serious flaw. Ac-
cording to this approach, the reason that right-handed neut-
rinos have escaped detection so far is that their interactions are
at least 26 orders of magnitude weaker than ordinary neut-

2 Neutrinos meet the Higgs boson
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(a) According to the Higgs mechanism in the Standard Model, particles in the
vacuum acquire mass as they collide with the Higgs boson. Photons (γ) are
massless because they do not interact with the Higgs boson. All particles,
including electrons (e), muons (µ) and top quarks (t), change handedness
when they collide with the Higgs boson; left-handed particles become 
right-handed and vice versa. Experiments have shown that neutrinos (ν) are
always left-handed. Since right-handed neutrinos do not exist in the Standard
Model, the theory predicts that neutrinos can never acquire mass. (b) In one
extension to the Standard Model, left- and right-handed neutrinos exist.
These Dirac neutrinos acquire mass via the Higgs mechanism but 
right-handed neutrinos interact much more weakly than any other particles.
(c) According to another extension of the Standard Model, extremely heavy
right-handed neutrinos are created for a brief moment before they collide with
the Higgs boson to produce light left-handed Majorana neutrinos.

a

b

c
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Nature	of	NP	in	τ	LFV

35

 γ - e
γ -

µ
0 π - e
0 π -

µ
η - e
η -

µ
'η - e
'η -

µ
0 S

 K- e
0 S

 K-
µ

0 f- e
0 f-

µ
0ρ - e
0ρ -

µ
 K

*
- e
 K

*
-

µ
K* - e
K* -

µ
φ - e
φ -

µ
ω - e
ω -

µ
-

 e+
 e- e

-
 e+

 e-
µ

-
µ +

µ - e
-

µ +
µ -

µ
-

 e+
µ - e

-
µ +

 e-
µ

-
π + π - e

-
π +

π -
µ

-
 K+ π - e

-
 K+

π -
µ

- π +
 K- e

-
π +

 K-
µ

-
 K+

 K- e
-

 K+
 K-

µ
0 S

 K0 S
 K- e

0 S
 K0 S

 K-
µ

-
π +

 e-
π

-
π +

µ -
π

-
 K+

 e-
π

-
 K+

µ -
π

-
 K+

 e-
K

-
 K+

µ -
K

Λ -
π
Λ - π
Λ -

K
Λ - K

 d
ec

ay
s

τ
90

%
 C

.L
. u

pp
er

 li
m

its
 fo

r L
FV

 

-1010

-910

-810

-710

-610

-510

CLEO
BaBar
Belle
LHCb
Belle II

γl 0lP 0lS 0lV lll lhh hΛ



LAL	Seminar,	2016 Phillip	URQUIJO

Nature	of	NP	in	τ	LFV
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3.1  Discriminating between the different operators 

Emilie Passemar 

•  Summary table: Discriminating power: τLFV matrix

16  4th KEK FF Workshop, October 29, 2014  

   
 
 
 
 
 
•  Build all D=6 LFV operators: 

  
!  Dipole 

 
!  Lepton-quark (Scalar, Pseudo-scalar, Vector, Axial-vector) 

 
!  Lepton-gluon (Scalar, Pseudo-scalar) 

!  4 leptons (Scalar, Pseudo-scalar, Vector, Axial-vector) 
 
 
•   Each UV model generates a specific pattern of them 

 
 

 

•   
 

2.1  Dimension 6 operators 

Emilie Passemar 

   
L = LSM + C (5)

Λ
O (5) +

Ci
(6)

Λ 2 Oi
(6)

i
∑ + ...

12  4th KEK FF Workshop, October 29, 2014  

If	we	find	a	signature,	we	can	determine	its	nature.
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τ	→	l	γ	with	Beam	background
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Figure of merit plot for cut0
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Figure 7.1: Figure-of-merit plot for pCM
signal.

as well as some figure-of-merit plots as described above. Figures 7.2 and 7.3 are examples of
good and poor selection variables. In Figure 7.2, large background peaks occuring at less than
1GeV/c and greater than 4.3Gev lead to great separation from signal, which does not peak
anywhere in those regions. Figure 7.3 o↵ers less than optimal threshold positions, as there is
no apparent way to remove any amount of background without also removing a large amount
of signal; note that this variable was not included during event selection.
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Figure 7.2: Center-of-mass frame momentum of
signal track.
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Figure 7.3: Cosine of polar angle of missing mo-
mentum.

Following the selection of initial criteria, we performed optimisation by changing certain
event requirements then calculating S/

p
S +B. Plots of signal and background were continu-

ally produced during this iterative process, with residual backgrounds remaining after selection
being analysed. The number of remaining signal events was also considered in optimisation, as
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Figure 7.10: Reduced Fox-Wolfram moment R2.
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Figure 7.11: Cosine of the angle between the
thrust axis of the signal track and z-axis.

distance from the point-of-closest-approach (POCA) to the interaction point, and z0 is the z�
coordinate of the POCA. We require �0.05 < d0 < 0.05 and �0.06 < z0 < 0.06 for the signal
track. These impact parameter variables become more important when analysing actual data
rather than MC, due to collisions of detector geometries. Hence while these selection criteria to
not discriminate background in a major way in MC, they may become more important when
running over Belle II data.
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8 | Signal region analysis

After selection, we are left with a far reduced number of background events and a non-zero
amount of expected signal events. We can now analyse events within the signal region. This is
a region in �E vs Minv space, with �0.4 < �E < 0.2, and 1.65 < Minv < 1.85.

�E and Minv are fit with asymmetric Gaussians to determine mean and �. We find mean
�E ⇡ 47MeV and Minv ⇡ 1.79GeV/c2; this is consistent with our expectation of �E ⇠ 0
and Minv ⇠ m

⌧

. The signal region is shown in Figure 8.1, with signal and background MC
distributions overlayed.

)2 (GeV/cτm
1.65 1.7 1.75 1.8 1.85

E 
(G

eV
)

∆
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0.4−

0.2−

0
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Background: e nu nu
Background: mu mu
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Background: ddbar
Background: ccbar
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Background: charged
Background: mixed
Background: taupair misc

Signal region with tauMG MC

Figure 8.1: Minv ��E signal region for ⌧ ! µ�. Shaded boxes is the event distribution for ⌧ ! µ�;
dots are unscaled background events.

In the entire signal region we find 6 ⌧ ! µ� events, and 163 ⌧ ! µ⌫⌫ events, 40 ⌧ ! ⇡⌫

events, 15 e

+
e

� ! µ

+
µ

�(�) events, 9 e

+
e

� ! u

+
u

� events, 3 e

+
e

� ! d

+
d

� events, and 3
e

+
e

� ! s

+
s

� events. This totals to 6 signal events and 232 background events. We then
produce a rotated plot to decorrelate the x- and y-axes. In this plot we set a elliptical region
of phase space centred near the means for Minv and �E. The selected signal region contains 0
background events and has a signal e�ciency of 4.59%.
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• Despite	beam	background,	
zero	background	for	  
τ	→	l	γ	is	achievable.

Melbourne	MSc	Thesis,	B.	Moore
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Overview

Belle	II

2.	Physics

1.	
Detector	&	
Accelerator

Charged	
Higgs

FCNC

CP	
ViolaKon

ExoKcs3.	Startup



LAL	Seminar,	2016 Phillip	URQUIJO

Time-dependent	CP	violaKon

b c

d

c
s
d KS

b

d c

KS
b

c
s
ddt

t
+

QM	interference	between	two	diagrams

tree	diagram
box	diagram	+	tree	diagram

Vtd

Vtd
Measures	the	phase	of	Vtd	or	equivalently	
the	phase	of	Bd	–anti	Bd	mixing.
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J/ψ

J/ψ

“A	Double-Slit	experiment”	with	parKcles	and	anKparKcles

EWP

CPV
LFU: electron vs. muon (Rk) 

Johannes Albrecht 

T. Blake

RK result
• In the run 1 dataset, LHCb 

determines:  

!

in the range 1 < q2 < 6 GeV2, 
which is consistent with the 
SM at 2.6!. 

• Take double ratio with  
B+ → J/ѱ K+  to cancel 
possible sources of 
systematic uncertainty. 

• Correct for migration of events 
in/out of the window due to 
Bremsstrahlung using MC 
(with PHOTOS).  

32
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muons w.r.t. electrons.
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+0.036
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RK < 1 implies a deficit of 
muons w.r.t. electrons.

(SM: Rk=1.00, consistent at 2.6σ) 
 

LHCb measures with 3fb-1 

RK =
BR(B+ → K +µ+µ− )
BR(B+ → K +e+e− )

= 0.745 +0.090
−0.074

(stat)± 0.036(syst)

13. March 2016 17/19 

Lepton universality 

Johannes Albrecht 

•  In the SM, leptons couple universal to W± and Z0 

! test this in ratios of semileptonic decays 

•  Ratios differ from unity only by phase space 
! hadronic uncertainties cancel in the ratio 

electrons / muons tau / muons 
 
 
 
 

Capri 2012 MPA, CPV in charm and b-decays at LHCb 

R(D*)=Β(B0"D*+τ-ντ)/Β(B0"D*+µ-ντ) 
with τ-"µ-νµντ  

13 

!  Ratio  R(D*) sensitive to NP coupled 
dominantly to 3rd generation, e.g. a 
charged Higgs 

!  Theoretically clean 

 
– BaBar: R(D) and R(D*) combined "           

3.4 σ tension (final data set) 

RK =
BR(B+ → K +µ+µ− )
BR(B+ → K +e+e− )

RD* =
BR(B0 →D*+ τ −ν )
BR(B0 →D*+ µ−ν )

d
b

d
s

13. March 2016 16/19 
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The CKM matrix and more
Huge LHCb effort on CKM angle γ

The CKM angle γ ~ arg(–Vub*) can be measured 
through interference of b → u with b → c tree transitions 

Malcolm John
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• Accessible in decays where b→u and b→c transitions interfere to give CP violation 

• No dependence on coupling to top so γ can be determined from direct CPV in tree decays  

• B→DX decays satisfy these criteria and a few are known to exhibit large CP violation. 
The most studied case is B–→DK– decays,

4.1 The Unitarity triangle

If the CKM matrix describes all possible quark coupling via the weak force then total probability must be conserved, the
matrix must be unitary. This, in turn, requires the matrix to satisfy unitarity relations, for example that the product of any
two rows, or any two columns must equal 1. For the columns we therefore have:

|Vud |2 + |Vcd |2 + |Vtd |2 = 1 first column with itself

|Vus|2 + |Vcs|2 + |Vts|2 = 1 second column with itself

|Vub|2 + |Vcb|2 + |Vtb|2 = 1 third column with itself

1. V⇤usVud + V⇤csVcd + V⇤tsVtd = 0 first and second columns

2. V⇤ubVud + V⇤cbVcd + V⇤tbVtd = 0 first and third columns

3. V⇤ubVus + V⇤cbVcs + V⇤tbVts = 0 second and third columns

The last three are the sum of three complex numbers equalling zero, these are triangles in the complex plane. It is
informative to notice the size of the triangles,

1. O(�) + O(�) + O(�5) s � d triangle : K0 decays

2. O(�3) + O(�3) + O(�3) b � d triangle : B0 decays

3. O(�4) + O(�2) + O(�2) b � s triangle : Bs decays

The relative height of these triangles bares some relation to the size of the CP violation e↵ect involved. The first triangle
describes the neutral kaon system and its modest height reflect the size of the observed CP violation (⇠ 2 ⇥ 10�3). The
second encodes so much B-physics, it is worth examination.

V⇤ubVud

V⇤cbVcd

V⇤tbVtd

which we “rotate and scale”, i.e. choose a convention where one side is unity:

VudV⇤ub
VcdV⇤cb

VtdV⇤tb
VcdV⇤cb

(0, 0) (1, 0)

(1 � �2

2 )(⇢, ⌘)

�

↵

�

where the three internal angles are CP-violating phases present in decays where their CKM-elements come into play.

↵ = arg
 
� V⇤tbVtd

V⇤ubVud

!
� = arg

 
�V⇤cbVcd

V⇤tbVtd

!
� = arg

 
�V⇤ubVud

V⇤cbVcd

!

8

b

ū
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Hadronic parameters are: rB and strong FSI phase δB

Theoretically clean measurement, but large statistics 
needed due to CKM suppression of amplitudes. 

Hence use B±, B0, Bs, and many D decay modes 
requiring different techniques; also DK* and DsK used. 
Some modes show large CP asymmetries (example below)
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Belle	II	Analysis
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-
e e

+

( )4sU

Coherent B meson 
pair production

zD

Bphys

Btag

D t=
D z

βγ c

Resolution on 

Dt will be 

dominated by 

the resolution 

of the tagging 

side vertex

Time dependent measurements

Y(4S) is the first resonance just above the BB 

production threshold

Only BB pairs are produced, and are at rest in the 

Y(4S) frame

Dt probability parametrization

Belle ~ 200 mm

Belle II ~ 130 mm  

Luigi Li Gioi 4KEK-FF 2015

•K-shorts	in	most	
signatures:	VXD	
Larger	acceptance	
(+30%)	for	π	from	KS

•Tree •Gluonic	Penguin	 
(NP	sensitive)

B→J/ψ	Ks	 BCP	
µm

Btag	
µm

Δt	
ps

Belle	II 22 52 0.71

Belle 63 89 0.92
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Gluonic	penguins,	SCP

40

J/ψK0

φK0

MC

This would establish the 
existence of a NP phase in b→s 
penguins.

b→s

B	→	φK0	at	50/ab	with	~2010	WA	values

b→c
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Belle II Projection

Belle	II	will	lead	on	all	TCPV	in	B	decays
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RadiaKve	Penguins,	SCP

41

• SM	EW	purely	L-handed.			

•	Right-handed	current	is	a	
signature	of	NP 
S=−2(m

s
/m

b
)sin(2φ

1
)=(-2.3±1.6)%	

•WA	Experiment	~	22%	precision
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Fig. 70: Time-dependent asymmetry ofB → K0
Sπ

0γ and the difference between the time-dependent asymmetries
of B → φK0

S and B → J/ψK0
S modes for three SUSY breaking scenarios: mSUGRA(left), SU(5) SUSY GUT

with right-handed neutrinos in non-degenerate case (middle), and MSSM with U(2) flavour symmetry (right). The
expected SFF sensitivities are also shown.

as well as the left-handed slepton sector, and contributions to various LFV and quark FCNC processes
become large. When we require that the neutrino Yukawa coupling constants only induce flavour mix-
ing in the 2-3 generation, then the constraint from the µ → eγ process is somewhat relaxed (so-called
non-degenerate case). Finally, in the MSSM with U(2) flavour symmetry, the first two generations of
quarks and squarks are assigned as doublets with respect to the same U(2) flavour group, whereas those
in the third generation are singlets. Therefore this model explains the suppression of the FCNC processes
between the first two generations, but it still provides sizable contributions for b → s transition processes.

Flavour signals in the b → s sector are shown in Figure 70 for these three SUSY breaking sce-
narios. Scatter plots of the time-dependent asymmetry of B → K0

Sπ
0γ and the difference between the

time-dependent asymmetries of B → φK0
S and B → J/ψK0

S modes are presented as a function of
the gluino mass. Various phenomenological constraints such as B(b → sγ), the rate of Bs mixing, and
neutron and atomic electic dipole moments are taken into account as well as SUSY and Higgs particle
search limits from LEP and TEVATRON experiments. For the SUSY GUT case, the branching ratios of
muon and tau LFV processes are also calculated and used to limit the allowed parameter space. Sizable
deviations can be seen for SU(5) SUSY GUT and U(2) flavour symmetry cases even if the gluino mass is
1 TeV. The deviation is large enough to be identified at SFF. On the other hand, the deviations are much
smaller for the mSUGRA case.

The correlation between B(τ → µγ) and B(µ → eγ) is shown in Figure 71 for the non-degenerate
SU(5) SUSY GUT case. In this case, both processes can reach current upper bounds. It is thus possible
that improvements in the µ → eγ search at the MEG experiment and in the τ → µγ search at a SFF
lead to discoveries of muon and tau LFV processes, respectively. Notice that the Majorana mass scale
that roughly corresponds to the heaviest Majorana neutrino mass is taken to be MR = 4 × 1014 GeV
in these figures. When the Majorana mass scale is lower, flavour signals become smaller because the
size of the neutrino Yukawa coupling constant is proportional to

√
MR and LFV branching ratios scale

with M2
R. This means that a SFF can cover some part of the parameter space from τ → µγ if the

Majorana scale is larger than 1013 GeV. The pattern of LFV signals also depends on the choice of
SUSY breaking scenarios. If we take the degenerate case of three heavy Majorana masses in a SU(5)
SUSY GUT, B(µ → eγ) can be close to the present experimental bound while branching ratios of tau
LFV processes are generally less than 10−9. The LFV branching ratios for both muon and tau LFV
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Any right-handed currents from NP?
TCPV: P(∆t) = e−|∆t|/τ

4τ [1 ± S sin(∆m∆t) ∓ C cos(∆m∆t)]
(∆t: vertex displacement between extrapoated K0

S
vertex and tag-B vertex)
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Do not interfere
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SM favored SM disfavored,
enhanced with RH current TCPV suppressed by (ms/2mb)

(otherwise ∼ sin 2φ1)

Sensitive to right-handed
non-SM current, relaxes
suppression⇒ non-zero S

[BaBar PRD78,071102(2008), 467M]M(Kπ) in [0.8,1.0] GeV
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$$Driving$questions$for$Belle$II$(2)

can be probed by t-dep. CP asymmetry with B0 ! K0
S⇡

0�

In SM, one naively expects:

SK0
S⇡0� = �2

ms

mb
sin 2�1 ⇠ �0.03

In SM, one naively expects: In a L-R symmetric model,
SK0

S⇡0� ⇠ 0.5

can be probed by t-dep. CP asymmetry with B0 ! K0
S⇡

0�
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Tree	Direct	CPV,	Φ3
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FIG. 5: Projected precision for various measurements of direct CP violation.
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EPS 15

CKM
f i t t e r

Φ3	Babar	=	(70	±	18)o	
Φ3	Belle	=	(73	+13-15)o	
Φ3	LHCb	=	(75	±	9)o

Belle	II	will	lead	on	Φ1	
and	Φ2	angles	&	on	
UT	sides

EWP

CPV
LFU: electron vs. muon (Rk) 

Johannes Albrecht 

T. Blake

RK result
• In the run 1 dataset, LHCb 

determines:  

!

in the range 1 < q2 < 6 GeV2, 
which is consistent with the 
SM at 2.6!. 

• Take double ratio with  
B+ → J/ѱ K+  to cancel 
possible sources of 
systematic uncertainty. 

• Correct for migration of events 
in/out of the window due to 
Bremsstrahlung using MC 
(with PHOTOS).  
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LHCb measures with 3fb-1 

RK =
BR(B+ → K +µ+µ− )
BR(B+ → K +e+e− )

= 0.745 +0.090
−0.074

(stat)± 0.036(syst)
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Lepton universality 

Johannes Albrecht 

•  In the SM, leptons couple universal to W± and Z0 

! test this in ratios of semileptonic decays 

•  Ratios differ from unity only by phase space 
! hadronic uncertainties cancel in the ratio 

electrons / muons tau / muons 
 
 
 
 

Capri 2012 MPA, CPV in charm and b-decays at LHCb 

R(D*)=Β(B0"D*+τ-ντ)/Β(B0"D*+µ-ντ) 
with τ-"µ-νµντ  

13 

!  Ratio  R(D*) sensitive to NP coupled 
dominantly to 3rd generation, e.g. a 
charged Higgs 

!  Theoretically clean 

 
– BaBar: R(D) and R(D*) combined "           

3.4 σ tension (final data set) 

RK =
BR(B+ → K +µ+µ− )
BR(B+ → K +e+e− )

RD* =
BR(B0 →D*+ τ −ν )
BR(B0 →D*+ µ−ν )

d
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d
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The CKM matrix and more
Huge LHCb effort on CKM angle γ

The CKM angle γ ~ arg(–Vub*) can be measured 
through interference of b → u with b → c tree transitions 

Malcolm John
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• Accessible in decays where b→u and b→c transitions interfere to give CP violation 

• No dependence on coupling to top so γ can be determined from direct CPV in tree decays  

• B→DX decays satisfy these criteria and a few are known to exhibit large CP violation. 
The most studied case is B–→DK– decays,

4.1 The Unitarity triangle

If the CKM matrix describes all possible quark coupling via the weak force then total probability must be conserved, the
matrix must be unitary. This, in turn, requires the matrix to satisfy unitarity relations, for example that the product of any
two rows, or any two columns must equal 1. For the columns we therefore have:

|Vud |2 + |Vcd |2 + |Vtd |2 = 1 first column with itself

|Vus|2 + |Vcs|2 + |Vts|2 = 1 second column with itself

|Vub|2 + |Vcb|2 + |Vtb|2 = 1 third column with itself

1. V⇤usVud + V⇤csVcd + V⇤tsVtd = 0 first and second columns

2. V⇤ubVud + V⇤cbVcd + V⇤tbVtd = 0 first and third columns

3. V⇤ubVus + V⇤cbVcs + V⇤tbVts = 0 second and third columns

The last three are the sum of three complex numbers equalling zero, these are triangles in the complex plane. It is
informative to notice the size of the triangles,

1. O(�) + O(�) + O(�5) s � d triangle : K0 decays

2. O(�3) + O(�3) + O(�3) b � d triangle : B0 decays

3. O(�4) + O(�2) + O(�2) b � s triangle : Bs decays

The relative height of these triangles bares some relation to the size of the CP violation e↵ect involved. The first triangle
describes the neutral kaon system and its modest height reflect the size of the observed CP violation (⇠ 2 ⇥ 10�3). The
second encodes so much B-physics, it is worth examination.
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Hadronic parameters are: rB and strong FSI phase δB

Theoretically clean measurement, but large statistics 
needed due to CKM suppression of amplitudes. 

Hence use B±, B0, Bs, and many D decay modes 
requiring different techniques; also DK* and DsK used. 
Some modes show large CP asymmetries (example below)
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ū

W� s

ū
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NP	in	Bd	mixing:	Fit	results

By	Stage	II,		

• Λ	~	20	TeV	(tree)	

• Λ	~	2	TeV	(loop)
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Phase	II:	First	collision	Run,	Jan-Jun	2018
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No	VXD,	only	the	BEAST	
silicon	detector	setup	
(for	beam	background	
study)
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Phase	II	Unique	data	sets

•Only	~20-40	m-1	in	Phase	II	

• New	trigger	menu	to	
greatly	enhance	low	
mulKplicity	physics	

• Unique	ECM	,	e.g.	Y(6S)	for	
botomonium	-	strong	
interacKon	studies
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I. INTRODUCTION

The aim of this report is to identify a physics program that will maximise the original
physics research undertaken by Belle II in the first year of data taking, while allowing for
su�cient time to calibrate the detector at ⌥ (4S). This report was partially motivated by
recommendations in the 2014 BPAC report [1].

One of the main motivating factors for looking at physics beyond ⌥ (4S) and ⌥ (5S)
resonances in the earlier phases is that large full-detector samples of 700 fb�1 and 123 fb�1

have respectively been collected already (see Table III A). This leaves the possibility for
quick acquisition of uniquely large samples at ⌥ (1S), ⌥ (2S), ⌥ (3S), ⌥ (6S), o↵-resonance,
and E

CM

scan points if su�ciently justified. The definition of “first physics” in this case
will be of order 300 fb�1 of non-⌥ (4S) data.

TABLE I: Existing e+e� datasets collected near ⌥ resonances.

Experiment Scans/O↵. Res. ⌥ (5S) ⌥ (4S) ⌥ (3S) ⌥ (2S) ⌥ (1S)
10876 MeV 10580 MeV 10355 MeV 10023 MeV 9460 MeV

fb�1 fb�1 106 fb�1 106 fb�1 106 fb�1 106 fb�1 106

CLEO 17.1 0.4 0.1 16 17.1 1.2 5 1.2 10 1.2 21
BaBar 54 R

b

scan 433 471 30 122 14 99 �
Belle 100 121 36 711 772 3 12 25 158 6 102

There are also several startup scenarios to consider that may have a negative impact on
the types of studies undertaken.

• The TOP Cerenkov particle identification device may not be fully installed. Therefore
K/⇡ separation may not be optimal for the first 6 months. (Although this was an
initial motivating argument for the report, the delayed SuperKEKB schedule may see
that the full PID is installed, but will take time to full calibrate.)

• It may take time to fully align the detectors, particularly the silicon vertex detectors.
Therefore analyses that are highly reliant on vertex fitting, such as time dependent
CP violation, will have large systematics in the early phases.

There are also some potential benefits to the early running phase. For example, the
luminosity will be relatively low, and therefore the triggers could be configured to be looser
than at nominal luminosity. This will benefit dark sector and precision electroweak analyses.
Concerning the latter, it should be noted that low multiplicity analyses that were limited
by trigger systematics in Belle may be measured more accurately in Belle II with relatively
small data samples if the trigger can be suitably designed. It may also be possible to perform
rapid Pythia tuning analyses of production processes with minimally biased events.

We focus this document on establishing an overview of the well motivated research topics
at ⌥ (1S), ⌥ (2S), ⌥ (3S), ⌥ (6S), o↵-resonance, and E

CM

scans. In the final part of the report
we provide a summary to inform future data taking plans. A full discussion of physics at
the ⌥ (5S) and ⌥ (4S) will be discussed in other Belle II notes.

A total of seven broad topics are covered in this report. Contact names of section editors
are listed.

5

12

TABLE 2: From BABAR [28], ratios of branching fractions for
the  (4040),  (4160) and  (4415) resonances. The first error
is statistical, the second systematic. Theoretical expectations
are from models denoted 3P0 [31], C3 [32], and ⇢K⇢ [33]

State Ratio Measured 3P0 C3 ⇢K⇢

 (4040) DD̄/DD̄⇤ 0.24±0.05±0.12 0.003 0.14
D⇤D̄⇤/DD̄⇤ 0.18±0.14±0.03 1.0 0.29

 (4160) DD̄/D⇤D̄⇤ 0.02±0.03±0.02 0.46 0.08
DD̄⇤/D⇤D̄⇤ 0.34±0.14±0.05 0.011 0.16

 (4415) DD̄/D⇤D̄⇤ 0.14±0.12±0.03 0.025
DD̄⇤/D⇤D̄⇤ 0.17±0.25±0.03 0.14

from BABAR and Belle as they are not radiatively cor-
rected, but generally seem to reflect consistency. The
updated potential model predictions of Eichten [16, 34]
shown in Fig. 5 fail to describe many features of the data.
The CLEO total cross section determinations, shown in
Fig. 5(d), reveal that, within the measurement accuracy
of 5-10%, two- and three-body modes with open charm
saturate the yield of all multihadronic events above the
extrapolated uds contribution.

2.1.2. Vectors decaying to open bottom

The current generation of B-factories have scanned the
energy range above open bottom threshold. BABAR [36]
performed a comprehensive low-luminosity (25 pb�1 per
point), high-granularity (⇡ 5 MeV steps) scan between
10.54 and 11.2 GeV, followed by an eight-point scan,
0.6 fb�1 total, in the proximity of the ⌥(6S) peak.
Belle [37] acquired ⇡ 30 pb�1 for just nine points over
10.80-11.02 GeV, as well as 8.1 fb�1 spread over seven
additional points more focused on the ⌥(5S) peak. The
BABAR scan is shown in Fig. 6. Both scans suggest in-
stead that the simple Breit-Wigner parametrization, pre-
viously used to model the peaks observed in the CLEO
[38] and CUSB [39] scans, is not adequate for the de-
scription of the complex dynamics in the proximity of

the B(⇤)B̄(⇤) and B(⇤)
s B̄s

(⇤)
thresholds. Data points on

Rb = �(bb̄)/�(µµ) are better modeled assuming a flat bb̄
continuum contribution which interferes constructively
with the 5S and 6S Breit-Wigner resonances, and a sec-
ond flat contribution which adds incoherently. Such fits
strongly alter the PDG results on the 5S and 6S peaks,
as shown in Table 3. Strong qualitative agreement is ob-
served between the experimental behavior of the Rb ratio
and the theory predictions based on the coupled-channel
approach [40].

Additional insight can be provided by the exclusive
decomposition of the two-body (i.e., BB̄,BB̄⇤, B⇤B̄⇤)
and many-body decay modes. Results from e+e� colli-
sions have been given by Belle [41] using a data sample of
23.6 fb�1 acquired at the ⌥(5S). Charged B-mesons were

FIG. 6: From BABAR [36], measured values of the hadronic
cross section attributable to b-flavored states, normalized to
the point muon pair cross section, from a scan of the center-of-
mass energy region just below the ⌥(4S) to above the ⌥(6S).
Dashed vertical lines indicate the various BB̄ mass thresholds.
Adapted from [36] with kind permission, copyright (2009) The
American Physical Society

reconstructed in two decay channels, K±J/ and D0⇡±

(with J/ ! l+l� and D0 ! K⇡,K⇡⇡⇡). Neutral B
mesons were reconstructed in K⇤0J/ and D±⇡⌥, with
D± ! K±⇡±⇡⌥. The B⇤ mesons were reconstructed via
their radiative transition. Belle observes a large fraction
(about 16.4% of the total bb̄ pairs) from 3- and 4-body
decay modes, i.e., B(⇤)B̄(⇤)⇡, B(⇤)B̄(⇤)⇡⇡. A significant
fraction of these events can actually be expected from
ISR production of ⌥(4S). Theory predictions on multi-
body decays at ⌥(5S) range from 0.03% [42] to 0.3% [43].

2.2. Newly found conventional quarkonia

Table 4 lists properties of new conventional heavy
quarkonium states. The hc is the 1P1 state of charmo-
nium, singlet partner of the long-known �cJ triplet 3PJ .
The ⌘c(2S) is the first excited state of the pseudoscalar

TABLE 3: New BABAR and Belle results on masses and
widths of the ⌥(5S) and ⌥(6S) resonances, compared to PDG
averages. The angle � parametrizes the phase of interfering
continuum

⌥ m (MeV) � (MeV) � (rad) Ref.

5S 10876± 2 43± 4 2.11± 0.12 BABAR [36]

10879± 3 46+9
�7 2.33+0.26

�0.24 Belle [37]

10865± 8 110± 13 - PDG08 [18]

6S 10996± 2 37± 3 0.12± 0.07 BABAR [36]

11019± 8 79± 16 - PDG08 [18]
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Accelerator	ECM	reach
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Beam Energy

8

Start from Y(4S) operation at 
Phase-2

10 fb-1 at Y(6S) is requested 
by Belle II.
~20 days

(80 % efficiency with 8x1033)

5 months operation at Phase-2

ECM	max	with	constant	γβ=0.284	is	~	11.1	GeV

• Start	with	Y(4S)	operaKon	at	
Phase	II	

• 20	days	to	collect	10�-1	@	
Y(6S)	

• 5	months	total	Phase	II	
operaKon
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ExoKc	4-quark	States
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Zb,	Wbx	—	postulated	states

molecular resonances is as shown in Fig.1. The existence of the JP = 0+ states Wb0 and W ′

b0

follows from the existence of the Zb(Z ′

b) resonances, while the existence of the Wb1 and Wb2 is

contingent on the presence of a near threshold singularity in the 1−SLB channel. It can be also

noted that the Wb1 state is a pure isovector bottomonium-like analog of the charmonium-like

resonance X(3872), which is a pure (1−H ⊗ 1−SLC) state [4].

❄ ❄ ❄

❄❄

❄

B∗B̄∗

B∗B̄

BB̄

Z ′

b W ′

b0

Wb0

Wb1

Wb2

Zb

Υπ, hbπ, ηbρ ηbπ, χbπ, Υρ

ηbπ, χbπ, Υρ

χbπ, Υρ

χbπ, Υρ

Υπ, hbπ, ηbρ

IG(JP ): 1+(1+) 1−(0+) 1−(1+) 1−(2+)

✴

✌

✎

❲

Υ(5S)

✙

π γ

Figure 1: The expected family of six isotriplet resonances at the BB̄, B∗B̄ and B∗B̄∗ thresh-

olds and their likely decay modes to bottomonium and a light meson. The excited bottomo-

nium states can be present in the decays instead of the shown lower states (ηb, Υ, hb, χb),

where kinematically possible. The dashed arrowed lines show the discussed radiative transi-

tions from Υ(5S). (The mass splitting to Υ(5S) is shown not to scale.)

Clearly, the H ⊗ SLB spin structure described be Eqs. (2) - (7) also implies relations

between the total widths of the WbJ states:

Γ(Wb2) = Γ(Wb1) =
3

2
Γ(Wb0)−

1

2
Γ(W ′

b0) (8)
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Fit data to various predictions 

Chen Liu PRD84,094003(2011) 
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Bottomonium near Y(6S)

!15

Exotic States at LHC, FPCP13 Tomasz Skwarnicki 2

Standard and Exotic Hadrons

• Longstanding dispute in light 
meson spectroscopy if exotic 
states exist (too many scalar 
states?)

• No convincing experimental 
proofs for existence of elusive 
pentaquarks

• Recent discoveries in heavy 
quark states have revived 
hopes for conclusive proofs for 
existence of exotic mesons   

meson baryon

e.g. deuteron
mesonic

molecule ? 

pentaquark ?

tetraquark ?

hybrid ?

…
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•Y(6S) +, Zb, bottomonium

•  Search for Wb, Xb, Yb, partners of Zb. (need ECMS > Y(5S))
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Belle	arXiv:1508.06562	

Botomonium	-	atomic-like	bound	bb	states	
Bonomonium-like	-	addiSonal	quark	pair
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Zb	Y(6S)	Scan	analysis

• Anomalous	Y(5S)→	ππY(pS)	transiKons	led	to	discovery	of	Zb±(106XX)	

• Preliminary	evidence	for	Y(6S)→	ππh(nP),	via	πZb±(106XX)	

• Resonance	structure	of	Y(6S)	channel	not	fully	studied	

• Can	be	probed	in	phase	II!
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4

Chebyshev polynomial in both fit intervals. The order is
chosen by maximizing the confidence level of the fit.
Using MC simulation, we find that combining a ran-

dom pion that satisfies the Zb mass requirement and a
signal pion from Zb → hb(nP )π produces a broad bump
under the hb(nP ) signal. This background is incorpo-
rated within the combinatorial background and results
in minor corrections in the hb(1P ) and hb(2P ) yields of
0.99 ± 0.01 and 0.995 ± 0.005, respectively. The π+π−

pairs originating from the Υ(2S) → Υ(1S)π+π− transi-
tions with the Υ(2S) produced inclusively or via ISR re-
sult in a peak at Ec.m.− [mΥ(2S) −mΥ(1S)] that is inside
the hb(2P ) fit interval for the c.m. energies close to the
Υ(5S). The shape of this peaking background is found
to be a Gaussian with σ = 11MeV/c2. Its normalization
is floated in the fit.
To determine the reconstruction efficiency, we use

phase-space-generatedMC, weighted in Mmiss(π) accord-
ing to the fit results for the Υ(5S) → hb(1P )π+π− tran-
sitions [14] and in angular variables according to the ex-
pectations for the Zb spin-parity JP = 1+ [22]. The
efficiencies for the hb(1P )π+π− and hb(2P )π+π− chan-
nels are in the range 40−55% and 35−50%, respectively;
they rise with c.m. energy. At the lowest energy point,
there is a drop of efficiency by a factor of two since this
point is close to the kinematic boundary and the pion
momenta are low.
At each energy, the Born cross section is determined

according to the formula:

σB(e+e− → hb(nP )π+π−) =
N

L ε |1−Π|2
, (2)

where N is the number of signal events determined from
the Mmiss(ππ) fit that includes the ISR correction, L
is the integrated luminosity, ε is the reconstruction ef-
ficiency and |1 − Π|2 is the vacuum polarization correc-
tion [23], which is in the range 0.927 − 0.930. The re-
sulting cross sections are shown in Fig. 1. The cross sec-
tions, averaged over the three high statistics on-resonance
points at Ec.m. = (10865.6± 2.0)MeV, are

σB(e+e− → hb(1P )π+π−) = 1.66± 0.09± 0.10 pb, (3)

σB(e+e− → hb(2P )π+π−) = 2.70± 0.17± 0.19 pb. (4)

The ratio of the cross sections is 0.616 ± 0.052 ± 0.017.
Here and elsewhere in this Letter, the first uncertainties
are statistical and the second are systematic.
The systematic uncertainties in the signal yields origi-

nate from the signal and background shapes. The relative
uncertainty due to the Mmiss(ππ) resolution is correlated
among different energy points and is equal to 1.4% for
the hb(1P ) and 3.3% for the hb(2P ). The uncertainties
due to the hb(nP ) masses and ISR tail shapes are found
to be negligible. To estimate the background-shape con-
tribution, we vary the fit interval limits by about 50MeV
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FIG. 1. (colored online) The cross sections for the e+e− →
hb(1P )π+π− (top) and e+e− → hb(2P )π+π− (bottom) as
functions of c.m. energy. Points with error bars are the data;
outer error bars indicate statistical uncertainties and inner
red error bars indicate uncorrelated systematic uncertainties.
The solid curves are the fit results.

and the polynomial order for each fit interval. The cor-
responding uncertainties are considered uncorrelated and
are 1.1% and 2.5% for the on-resonance cross sections in
Eqs. (3) and (4), respectively.

A relative uncertainty in the efficiency contributes to
the correlated systematic uncertainty. An uncertainty
due to the Zb mass requirement of +1.0

−1.8% is estimated
by varying the Zb parameters by ±1σ and taking into
account correlations among different parameters. The
efficiency of the R2 requirement is studied using inclu-
sively reconstructed Υ(5S) → Υ(nS)π+π− decays. We
find good agreement between data and MC and assign
the 5% statistical uncertainty in data as a systematic un-
certainty due to the R2 requirement. Finally, we assign
a 1% uncertainty per track due to possible differences in
the reconstruction efficiency between data and MC.

An uncertainty in the luminosity of 1.4% is primar-
ily due to the simulation of Bhabha scattering that is
used for its determination and is correlated among energy
points. We add in quadrature all the contributions to find
the total systematic uncertainties shown in Eqs. (3) and
(4). The values of the cross sections for all energy points
are provided in Ref. [24].

The shapes of the hb(1P )π+π− and hb(2P )π+π− cross
sections look very similar. They show clear Υ(5S) and
Υ(6S) peaks without significant continuum contribu-
tions. We perform a simultaneous fit of the shapes,
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FIG. 3. (colored online) The Mmiss(ππ) spectrum in the
hb(2P ) interval for the combined data samples of five energy
points near the Υ(6S). The legend is the same as in Fig. 2.

fit the Mmiss(ππ) spectra in bins of Mmiss(π) to measure
the hb(nP )π+π− yields as functions of Mmiss(π). The
distribution of the phase-space-generated signal events
in the Mmiss(π+) vs. Mmiss(π−) plane has the shape
of a narrow slanted band; each structure at high val-
ues of Mmiss(π±) produces a “reflection” at small values
of Mmiss(π∓). We combine the Mmiss(ππ) spectra for
the corresponding Mmiss(π+) and Mmiss(π−) bins and
consider the upper half of the available Mmiss(π) range.
Thereby, we consider all signal events and avoid dou-
ble counting. The yields, corrected for the reconstruc-
tion efficiencies, are shown in Fig. 4. The data are not
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FIG. 4. The efficiency-corrected yields of hb(1P )π+π− (a)
and hb(2P )π+π− (b) as functions of Mmiss(π) for the com-
bined data samples of five energy points in the Υ(6S) region.
Points represent data; the solid histogram represents the fit
result with the Zb signal shape fixed from the Υ(5S) analysis;
the dashed histogram represents the result of the fit with a
phase space distribution.

distributed uniformly in phase space; they populate the

Zb(10610) and Zb(10650) mass region. We fit the data
to a shape where the Zb(10610) and Zb(10650) parame-
ters are fixed to the Υ(5S) → Zbπ → hb(1P )π+π− re-
sult and the non-resonant contribution is set to zero [14].
Such a model describes the data well: the confidence
levels of the fits are 65% and 77% for the hb(1P ) and
hb(2P ), respectively. The phase space hypothesis is ex-
cluded relative to this model at the 3.6σ and 4.5σ levels
in the hb(1P )π+π− and hb(2P )π+π− channels, respec-
tively. The single Zb(10610) hypothesis is excluded at
the 3.3σ level in the hb(1P )π+π− channel, while the sin-
gle Zb(10650) hypothesis cannot be excluded at a signif-
icant level. In the hb(2P )π+π− channel, the Zb(10610)±

and Zb(10650)± signals overlap with the Zb(10650)∓ and
Zb(10610)∓ reflections, respectively, which obscures the
determination of the relative yields. The exclusion levels
are determined using pseudo-experiments from the χ2

differences of the two hypotheses being compared, and
include systematic uncertainty.
In conclusion, we have measured the energy depen-

dence of the e+e− → hb(nP )π+π− (n = 1, 2) cross sec-
tions. We find two peaks corresponding to the Υ(5S) and
Υ(6S) states and measure their parameters, which agree
with the results from Ref. [11]. The data are consistent
with no continuum contribution.
We report first evidence for Υ(6S) → hb(1P )π+π−

and first observation of the Υ(6S) → hb(2P )π+π− tran-
sitions. We study their resonant substructures and find
evidence that they proceed entirely via the intermediate
isovector states Zb(10610) and Zb(10650). Their relative
fraction is loosely constrained by the current data: the
hypothesis that only Zb(10610) is produced is excluded at
the 3.3σ level, while the hypothesis that only Zb(10650)
is produced is not excluded at a significant level.
The shapes of the e+e− → hb(nP )π+π− and e+e− →

Υ(nS)π+π− cross sections look similar. The only signif-
icant difference is a smaller relative yield of Υ(nS)π+π−

at the Υ(6S). Since the hb(nP )π+π− final states are pro-
duced only via intermediate Zb while Υ(nS)π+π− at the
Υ(5S) are produced both via Zb and non-resonantly, this
difference indicates that the non-resonant contributions
in Υ(nS)π+π− are suppressed at the Υ(6S).
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M
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masses below 500 MeV/c2. Above this mass, only Belle II will be able to improve the existing
limits.

The BaBar analysis excluded 30–50 MeV/c2 regions around the !, �, J/ ,  (2S), ⌥ (1S),
and ⌥ (2S) resonances, where the backgrounds are changing rapidly with mass, and where
the A

0 branching fractions to leptons are low. An analysis of hadronic final states would be
useful here.

The lifetime of the A

0 is proportional to 1/(M
A

0
"

2) [66]. For the vast majority of the
parameter space covered by Belle II in Fig. 8 the A

0 decay can be assumed to be prompt.
This approximation starts to fail only at the lowest mass and highest luminosity: calculated
in the centre-of-mass frame, ��c⌧ = 10 mm for M

A

0 = 20 MeV/c2 and " = 0.0003. Although
Belle II will little sensitivity to dark photon parameter space corresponding to displaced
vertices, a general search for long-lived new particles, as was recently published by BaBar
[67], is worthwhile. This analysis will require more statistics than available in the initial
data set.

B. Dark photon searches, invisible final states

If there is a dark fermion � lighter than the A

0, the A

0 will decay essentially 100% via
A

0 ! ��. Since the interaction probability of the � in the detector is negligible, radiative
production of the dark photon will produce a final state that consists of a single mono-
energetic photon with no accompanying charged tracks. The centre of mass energy of the
photon E

⇤
�

is related to the dark photon mass by E

⇤
�

= (s�M

2

A

0)/(2
p

s), where s is the square
of the centre of mass energy. This is an interesting search to perform. There are no explicit
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Ref. [69]. The scaling is done as for the leptonic analysis. In this case, we assume there is no
improvement in mass resolution compared to BaBar. To obtain the e�ciency, we unfold the
angular distribution of the radiative photon in the light Higgs search to obtain the e�ciency
for reconstructing the photon within the acceptance cuts. The dark photon cross section is
then calculated for the analysis acceptance.

BaBar had a large systematic error on the residual �� peaking background due to the
time variation in the response of the muon identification hardware. We assume that this can
be reduced to a negligible level. Otherwise, we do not assume any analysis improvements,
or optimisations for the light Higgs/dark photon di↵erences. The result is shown in Fig. 9
for a massless �.

The single photon data can also be interpreted in terms of the radiative production of
a non-resonant pair of weakly interaction particles, e

+

e

� ! ���. In this case, there is no
peak in the energy distribution of the photon, but rather an overall increase in the single
photon rate compared to the expected QED backgrounds.

C. Dark photon and dark Higgs searches

The dark U(1) symmetry group could be spontaneously broken by a Higgs mechanism,
adding a dark Higgs h

0 (or several dark Higgs bosons) to these models [66]. Therefore, since
the dark photon has a mass, the dark photon coupling, ↵

D

, to the dark Higgs is non zero.
The hypothetical dark photon and dark Higgs particles can be searched in the so-called
Higgs-strahlung channel, e

+

e

� ! A

0
h

0 (Fig. 10).
The dark photon A

0 can decay into either `

+

`

�, hadrons or invisible particles while dark
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Figure 1: Feynman diagrams for (a) dark-photon production in e+e� collisions, (b) dark-
Higgs production in ⌥ decay, and (c) dark-Higgs production in penguin B decay. The dark
photon A0 or dark Higgs � is shown decaying into a pair of SM fermions ff or invisible
dark-sector fermions ��.

SM photon, and may then decay back into a pair of SM fermions ff or dark-sector fermions
(WIMPs) ��. In e+e� collisions, the relevant Feynman diagram is shown in Fig. 1(a).

The Higgs portal features a light scalar �, which mixes slightly with the SM Higgs, and
therefore has mass-proportional couplings to the SM fermions. The e↵ective Lagrangian
may be written as [4]

Le↵ = LSM � y
mf

v
�ff � 1

2
���, (2)

where y is the e↵ective scalar-mixing parameter, and  is the dark-Higgs coupling to the
WIMP. The �ff term enables creation of the dark Higgs in radiative decays of the narrow
⌥(nS) resonances (where n = 1, 2, 3), shown in Fig. 1(b). Production in radiative decays
of the J/ are also interesting, although they are suppressed due to the small charm-quark
mass. Another possibility for production of the dark Higgs is in penguin B-meson decays,
shown in Fig. 1(c). These have two advantages over ⌥ decays: the first is that B mesons
are many orders of magnitude narrower than the ⌥ states, and the second is the large
coupling of the dark Higgs to the top quark in the penguin loop. On the other hand,
penguin B decays have a very small branching fraction compared with radiative ⌥ decays.
Furthermore, production in B decays is limited to dark-Higgs masses of m� . 4.5 GeV.

2 B factories and other dark-forces facilities

Electron-positron B factories are well suited for searching for new physics at the GeV scale,
mainly due to their large data samples. Together, BABAR [5, 6] and Belle [7] have collected
about 1.6 fb�1 [8] at and around the ⌥ resonances. This large sample, plus the sizeable
e+e� ! �� cross section of about 3 nb at B-factory energies, give an idea of the ✏ sensitivity
of these experiments.

Fixed-target experiments typically have much larger integrated luminosities and lower
center-of-mass energies than collider experiments. As a result, they are sentivive to lower
values of ✏ at lower regions of mA0 .

The Higgs-portal sensitivity of theB factories stems from their large sample of B mesons,
pair-produced in ⌥(4S) decays, as well as samples of the narrow ⌥(1S, 2S, 3S) resonances.
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• ‘dark forces’: involving dark-matter particles that serve 

as ‘portals' between the SM and a dark-matter sector

• Motivated by rise in cosmic-ray positron fraction       
(which does not necessarily have to be due to New Physics)

• Also models with dark Higgs bosons that could be 
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Belle II will probe a unique piece of phase space, and even a 
small data sample will have a sizeable impact on todays limits 

(a)

e+

e� ✏

�

A0 f/�

f/�

(b)

b

b
ymb

v

�

f/�

f/�

(c)

q

b s
t

ymt
v

f/�

f/�

Figure 1: Feynman diagrams for (a) dark-photon production in e+e� collisions, (b) dark-
Higgs production in ⌥ decay, and (c) dark-Higgs production in penguin B decay. The dark
photon A0 or dark Higgs � is shown decaying into a pair of SM fermions ff or invisible
dark-sector fermions ��.

SM photon, and may then decay back into a pair of SM fermions ff or dark-sector fermions
(WIMPs) ��. In e+e� collisions, the relevant Feynman diagram is shown in Fig. 1(a).

The Higgs portal features a light scalar �, which mixes slightly with the SM Higgs, and
therefore has mass-proportional couplings to the SM fermions. The e↵ective Lagrangian
may be written as [4]

Le↵ = LSM � y
mf

v
�ff � 1

2
���, (2)

where y is the e↵ective scalar-mixing parameter, and  is the dark-Higgs coupling to the
WIMP. The �ff term enables creation of the dark Higgs in radiative decays of the narrow
⌥(nS) resonances (where n = 1, 2, 3), shown in Fig. 1(b). Production in radiative decays
of the J/ are also interesting, although they are suppressed due to the small charm-quark
mass. Another possibility for production of the dark Higgs is in penguin B-meson decays,
shown in Fig. 1(c). These have two advantages over ⌥ decays: the first is that B mesons
are many orders of magnitude narrower than the ⌥ states, and the second is the large
coupling of the dark Higgs to the top quark in the penguin loop. On the other hand,
penguin B decays have a very small branching fraction compared with radiative ⌥ decays.
Furthermore, production in B decays is limited to dark-Higgs masses of m� . 4.5 GeV.

2 B factories and other dark-forces facilities

Electron-positron B factories are well suited for searching for new physics at the GeV scale,
mainly due to their large data samples. Together, BABAR [5, 6] and Belle [7] have collected
about 1.6 fb�1 [8] at and around the ⌥ resonances. This large sample, plus the sizeable
e+e� ! �� cross section of about 3 nb at B-factory energies, give an idea of the ✏ sensitivity
of these experiments.

Fixed-target experiments typically have much larger integrated luminosities and lower
center-of-mass energies than collider experiments. As a result, they are sentivive to lower
values of ✏ at lower regions of mA0 .

The Higgs-portal sensitivity of theB factories stems from their large sample of B mesons,
pair-produced in ⌥(4S) decays, as well as samples of the narrow ⌥(1S, 2S, 3S) resonances.
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Constraints on dark forces from the B factories and
low-energy experiments

Abner So↵er, Tel Aviv University

On the behalf of the BABAR Collaboration.

Abstract

The idea that dark-matter interactions with Standard-Model particles may be me-
diated by new bosons with masses in the MeV-to-GeV range took o↵ several years ago.
Constraints on such models were soon calculated based on older measurements. Subse-
quently, active collaborations conducted dedicated searches for these bosons, and new
experiments were planned to improve the search sensitivity. I review the basic models
that predict dark vectors and dark Higgs bosons in this mass range, the constraints from
electron-positron colliders, fixed-target experiments, and hadron colliders, and comment
on the sensitivities of future experiments.

To appear in the proceedings of the Interplay between Particle and Astroparticle Physics workshop,
18 – 22 August, 2014, held at Queen Mary University of London, UK.

1 Dark forces

The colorful term “dark forces” refers to interactions involving dark-matter particles, partic-
ularly to the extent that they serve as “portals” between the Standard Model (SM) particles
and those of the dark-matter sector (DS). Recently, scenarios in which such interactions are
mediated by GeV-scale particles have generated a great deal of interest. Such a model was
proposed in Ref. [1] in order to explain chiefly the rise in the cosmic-ray positron fraction
with energy, starting around 10 GeV, as seen by PAMELA [2] and later confirmed with
high precision by AMS-02 [3]. This rise is also consistent with secondary positron produc-
tion due to collisions of primary cosmic rays with interstellar gas and dust. However, the
idea that it may partly be due to physics beyond the Standard Model has proven almost
revolutionary: it has motivated much theoretical and experimental work on new, GeV-scale
states, including the construction of new experiments.

We describe here two types of portals. In the vector portal, one postulates the existence
of a U(1) gauge interaction in the dark sector, which mixes with the SM U(1)Y . After
electroweak symmetry breaking, the e↵ective Lagrangian mixes the associated dark photon
A0 with the SM photon:

Le↵ = LSM � 1

4
F 0
µ⌫F

0µ⌫ +
m2

A0

2
A0

µA
0µ � ✏

2
F 0
µ⌫F

µ⌫ , (1)

where F 0
µ⌫ is the dark photon field, ✏ is the e↵ective mixing parameter, and mA0 is the dark

photon mass, which may be generated by the breaking of a larger symmetry. Phenomeno-
logically, a dark photon may be created in electromagnetic processes, replacing a virtual
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masses below 500 MeV/c2. Above this mass, only Belle II will be able to improve the existing
limits.

The BaBar analysis excluded 30–50 MeV/c2 regions around the !, �, J/ ,  (2S), ⌥ (1S),
and ⌥ (2S) resonances, where the backgrounds are changing rapidly with mass, and where
the A

0 branching fractions to leptons are low. An analysis of hadronic final states would be
useful here.

The lifetime of the A

0 is proportional to 1/(M
A

0
"

2) [66]. For the vast majority of the
parameter space covered by Belle II in Fig. 8 the A

0 decay can be assumed to be prompt.
This approximation starts to fail only at the lowest mass and highest luminosity: calculated
in the centre-of-mass frame, ��c⌧ = 10 mm for M

A

0 = 20 MeV/c2 and " = 0.0003. Although
Belle II will little sensitivity to dark photon parameter space corresponding to displaced
vertices, a general search for long-lived new particles, as was recently published by BaBar
[67], is worthwhile. This analysis will require more statistics than available in the initial
data set.

B. Dark photon searches, invisible final states

If there is a dark fermion � lighter than the A

0, the A

0 will decay essentially 100% via
A

0 ! ��. Since the interaction probability of the � in the detector is negligible, radiative
production of the dark photon will produce a final state that consists of a single mono-
energetic photon with no accompanying charged tracks. The centre of mass energy of the
photon E

⇤
�

is related to the dark photon mass by E

⇤
�

= (s�M

2

A

0)/(2
p

s), where s is the square
of the centre of mass energy. This is an interesting search to perform. There are no explicit

23

 (GeV)    A'm
-210 -110 1 10

   
 

ε

-410

-310

-210

e(g-2)

σ 2±
µ

(g-2)

favored

BaBar expected

-1Belle II 50 fb

-1500 fb

-15 ab

-150 ab
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Ref. [69]. The scaling is done as for the leptonic analysis. In this case, we assume there is no
improvement in mass resolution compared to BaBar. To obtain the e�ciency, we unfold the
angular distribution of the radiative photon in the light Higgs search to obtain the e�ciency
for reconstructing the photon within the acceptance cuts. The dark photon cross section is
then calculated for the analysis acceptance.

BaBar had a large systematic error on the residual �� peaking background due to the
time variation in the response of the muon identification hardware. We assume that this can
be reduced to a negligible level. Otherwise, we do not assume any analysis improvements,
or optimisations for the light Higgs/dark photon di↵erences. The result is shown in Fig. 9
for a massless �.

The single photon data can also be interpreted in terms of the radiative production of
a non-resonant pair of weakly interaction particles, e

+

e

� ! ���. In this case, there is no
peak in the energy distribution of the photon, but rather an overall increase in the single
photon rate compared to the expected QED backgrounds.

C. Dark photon and dark Higgs searches

The dark U(1) symmetry group could be spontaneously broken by a Higgs mechanism,
adding a dark Higgs h

0 (or several dark Higgs bosons) to these models [66]. Therefore, since
the dark photon has a mass, the dark photon coupling, ↵

D

, to the dark Higgs is non zero.
The hypothetical dark photon and dark Higgs particles can be searched in the so-called
Higgs-strahlung channel, e

+

e

� ! A

0
h

0 (Fig. 10).
The dark photon A

0 can decay into either `

+

`

�, hadrons or invisible particles while dark
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Figure 1: Feynman diagrams for (a) dark-photon production in e+e� collisions, (b) dark-
Higgs production in ⌥ decay, and (c) dark-Higgs production in penguin B decay. The dark
photon A0 or dark Higgs � is shown decaying into a pair of SM fermions ff or invisible
dark-sector fermions ��.

SM photon, and may then decay back into a pair of SM fermions ff or dark-sector fermions
(WIMPs) ��. In e+e� collisions, the relevant Feynman diagram is shown in Fig. 1(a).

The Higgs portal features a light scalar �, which mixes slightly with the SM Higgs, and
therefore has mass-proportional couplings to the SM fermions. The e↵ective Lagrangian
may be written as [4]

Le↵ = LSM � y
mf

v
�ff � 1

2
���, (2)

where y is the e↵ective scalar-mixing parameter, and  is the dark-Higgs coupling to the
WIMP. The �ff term enables creation of the dark Higgs in radiative decays of the narrow
⌥(nS) resonances (where n = 1, 2, 3), shown in Fig. 1(b). Production in radiative decays
of the J/ are also interesting, although they are suppressed due to the small charm-quark
mass. Another possibility for production of the dark Higgs is in penguin B-meson decays,
shown in Fig. 1(c). These have two advantages over ⌥ decays: the first is that B mesons
are many orders of magnitude narrower than the ⌥ states, and the second is the large
coupling of the dark Higgs to the top quark in the penguin loop. On the other hand,
penguin B decays have a very small branching fraction compared with radiative ⌥ decays.
Furthermore, production in B decays is limited to dark-Higgs masses of m� . 4.5 GeV.

2 B factories and other dark-forces facilities

Electron-positron B factories are well suited for searching for new physics at the GeV scale,
mainly due to their large data samples. Together, BABAR [5, 6] and Belle [7] have collected
about 1.6 fb�1 [8] at and around the ⌥ resonances. This large sample, plus the sizeable
e+e� ! �� cross section of about 3 nb at B-factory energies, give an idea of the ✏ sensitivity
of these experiments.

Fixed-target experiments typically have much larger integrated luminosities and lower
center-of-mass energies than collider experiments. As a result, they are sentivive to lower
values of ✏ at lower regions of mA0 .

The Higgs-portal sensitivity of theB factories stems from their large sample of B mesons,
pair-produced in ⌥(4S) decays, as well as samples of the narrow ⌥(1S, 2S, 3S) resonances.
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Higgs production in ⌥ decay, and (c) dark-Higgs production in penguin B decay. The dark
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SM photon, and may then decay back into a pair of SM fermions ff or dark-sector fermions
(WIMPs) ��. In e+e� collisions, the relevant Feynman diagram is shown in Fig. 1(a).

The Higgs portal features a light scalar �, which mixes slightly with the SM Higgs, and
therefore has mass-proportional couplings to the SM fermions. The e↵ective Lagrangian
may be written as [4]

Le↵ = LSM � y
mf

v
�ff � 1

2
���, (2)

where y is the e↵ective scalar-mixing parameter, and  is the dark-Higgs coupling to the
WIMP. The �ff term enables creation of the dark Higgs in radiative decays of the narrow
⌥(nS) resonances (where n = 1, 2, 3), shown in Fig. 1(b). Production in radiative decays
of the J/ are also interesting, although they are suppressed due to the small charm-quark
mass. Another possibility for production of the dark Higgs is in penguin B-meson decays,
shown in Fig. 1(c). These have two advantages over ⌥ decays: the first is that B mesons
are many orders of magnitude narrower than the ⌥ states, and the second is the large
coupling of the dark Higgs to the top quark in the penguin loop. On the other hand,
penguin B decays have a very small branching fraction compared with radiative ⌥ decays.
Furthermore, production in B decays is limited to dark-Higgs masses of m� . 4.5 GeV.

2 B factories and other dark-forces facilities

Electron-positron B factories are well suited for searching for new physics at the GeV scale,
mainly due to their large data samples. Together, BABAR [5, 6] and Belle [7] have collected
about 1.6 fb�1 [8] at and around the ⌥ resonances. This large sample, plus the sizeable
e+e� ! �� cross section of about 3 nb at B-factory energies, give an idea of the ✏ sensitivity
of these experiments.

Fixed-target experiments typically have much larger integrated luminosities and lower
center-of-mass energies than collider experiments. As a result, they are sentivive to lower
values of ✏ at lower regions of mA0 .

The Higgs-portal sensitivity of theB factories stems from their large sample of B mesons,
pair-produced in ⌥(4S) decays, as well as samples of the narrow ⌥(1S, 2S, 3S) resonances.

2

(Prompt) dilepton final state invisible final state

Constraints on dark forces from the B factories and
low-energy experiments

Abner So↵er, Tel Aviv University

On the behalf of the BABAR Collaboration.

Abstract

The idea that dark-matter interactions with Standard-Model particles may be me-
diated by new bosons with masses in the MeV-to-GeV range took o↵ several years ago.
Constraints on such models were soon calculated based on older measurements. Subse-
quently, active collaborations conducted dedicated searches for these bosons, and new
experiments were planned to improve the search sensitivity. I review the basic models
that predict dark vectors and dark Higgs bosons in this mass range, the constraints from
electron-positron colliders, fixed-target experiments, and hadron colliders, and comment
on the sensitivities of future experiments.

To appear in the proceedings of the Interplay between Particle and Astroparticle Physics workshop,
18 – 22 August, 2014, held at Queen Mary University of London, UK.

1 Dark forces

The colorful term “dark forces” refers to interactions involving dark-matter particles, partic-
ularly to the extent that they serve as “portals” between the Standard Model (SM) particles
and those of the dark-matter sector (DS). Recently, scenarios in which such interactions are
mediated by GeV-scale particles have generated a great deal of interest. Such a model was
proposed in Ref. [1] in order to explain chiefly the rise in the cosmic-ray positron fraction
with energy, starting around 10 GeV, as seen by PAMELA [2] and later confirmed with
high precision by AMS-02 [3]. This rise is also consistent with secondary positron produc-
tion due to collisions of primary cosmic rays with interstellar gas and dust. However, the
idea that it may partly be due to physics beyond the Standard Model has proven almost
revolutionary: it has motivated much theoretical and experimental work on new, GeV-scale
states, including the construction of new experiments.

We describe here two types of portals. In the vector portal, one postulates the existence
of a U(1) gauge interaction in the dark sector, which mixes with the SM U(1)Y . After
electroweak symmetry breaking, the e↵ective Lagrangian mixes the associated dark photon
A0 with the SM photon:

Le↵ = LSM � 1

4
F 0
µ⌫F

0µ⌫ +
m2

A0

2
A0

µA
0µ � ✏

2
F 0
µ⌫F

µ⌫ , (1)

where F 0
µ⌫ is the dark photon field, ✏ is the e↵ective mixing parameter, and mA0 is the dark

photon mass, which may be generated by the breaking of a larger symmetry. Phenomeno-
logically, a dark photon may be created in electromagnetic processes, replacing a virtual

1
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Trigger	&	dataset
•HLT	output	esKmated	to	be	~11	nb		=	11	kHz	at	nominal	luminosity	.	

• Largest	dataset	in	parKcle	physics	outside	of	LHC.

51

Trigger	Hut,	KEK,	C-H	Li	(UniMelb)	
Designed	the	physics	triggers	for	Belle	II

Computing @ Belle II

The 100-fold increase in collected data
poses challenges to the computing, net-
work and software

The data processing will be performed
distributed on grid sites

The DIRAC grid system is used to man-
age grid sites, jobs and data

https://indico.cern.ch/event/304944/session/15/contribution/550

Thomas Hauth for the Belle II Collaboration – The Belle II Experiment:ROOT 6 at the High-intensity Frontier 18. September 2015 4/19
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Roadmap
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SuperKEKB luminosity projection

Goal of Be!e II/SuperKEKB"
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• SuperKEKB	has	been	brought	to	life	-	first	turns	occurred	in	February.	
Current	reached	1	Amp!	

• Phase	II	starts	January	2018,	Phase	III	Late	2018	

• 50	×	integrated	luminosity	@	Belle	II	will	probe	significantly	into	>	1	TeV	
mass	scale	

• Rich	physics	program	at	SuperKEKB/BelleII	

• New	sources	of	CPV,	New	gauge	bosons,	Lepton	Flavour	Violation,	Dark	
Sectors.	

• Numerous	anomalies	to	probe	with	the	first	5	ab-1	(many	more	than	
shown).	

• The	Belle	II	physics	book	to	be	published	in	2017	(ed.	PU	&	E.	Kou)

LAL	Seminar,	2016 Phillip	URQUIJO

Summary
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Golden	modes:	B	physics	

55

Table 1.2: Expected errors on several selected flavour observables with an integrated luminosity of 5 ab�1 and
50 ab�1 of Belle II data. The current results from Belle, or from BaBar where relevant (denoted with a †) are also
given. Items marked with a ‡ are estimates based on similar measurements. Errors given in % represent relative
errors.

Observables Belle Belle II
(2014) 5 ab�1 50 ab�1

UT angles sin 2� 0.667 ± 0.023 ± 0.012 [64] 0.012 0.008
↵ [�] 85 ± 4 (Belle+BaBar) [24] 2 1
� [�] 68 ± 14 [13] 6 1.5

Gluonic penguins S(B ! �K

0) 0.90+0.09
�0.19 [19] 0.053 0.018

S(B ! ⌘

0
K

0) 0.68 ± 0.07 ± 0.03 [65] 0.028 0.011
S(B ! K

0

SK

0

SK

0

S) 0.30 ± 0.32 ± 0.08 [17] 0.100 0.033
A(B ! K

0

⇡

0) �0.05 ± 0.14 ± 0.05 [66] 0.07 0.04

UT sides |Vcb| incl. 41.6 · 10�3(1 ± 1.8%) [8] 1.2%
|Vcb| excl. 37.5 · 10�3(1 ± 3.0%

ex. ± 2.7%
th.) [10] 1.8% 1.4%

|Vub| incl. 4.47 · 10�3(1 ± 6.0%
ex. ± 2.5%

th.) [5] 3.4% 3.0%
|Vub| excl. (had. tag.) 3.52 · 10�3(1 ± 8.2%) [7] 4.7% 2.4%

Missing E decays B(B ! ⌧⌫) [10�6] 96(1 ± 27%) [26] 10% 5%
B(B ! µ⌫) [10�6] < 1.7 [67] 20% 7%
R(B ! D⌧⌫) 0.440(1 ± 16.5%) [29]† 5.6% 3.4%
R(B ! D

⇤
⌧⌫)† 0.332(1 ± 9.0%) [29]† 3.2% 2.1%

B(B ! K

⇤+
⌫⌫) [10�6] < 40 [30] < 15 30%

B(B ! K

+

⌫⌫) [10�6] < 55 [30] < 21 30%

Rad. & EW penguins B(B ! Xs�) 3.45 · 10�4(1 ± 4.3% ± 11.6%) 7% 6%
ACP (B ! Xs,d�) [10�2] 2.2 ± 4.0 ± 0.8 [68] 1 0.5
S(B ! K

0

S⇡

0

�) �0.10 ± 0.31 ± 0.07 [20] 0.11 0.035
S(B ! ⇢�) �0.83 ± 0.65 ± 0.18 [21] 0.23 0.07
C

7

/C

9

(B ! Xs``) ⇠20% [36] 10% 5%
B(Bs ! ��) [10�6] < 8.7 [42] 0.3 �
B(Bs ! ⌧⌧) [10�3] � < 2 [44]‡ �

13

SuperKEKB TDR (2014)
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Golden	modes:	D	and	Tau	physics
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Table 1.3: Continued from previous page
Observables Belle Belle II

(2014) 5 ab�1 50 ab�1

Charm Rare B(Ds ! µ⌫) 5.31 · 10�3(1 ± 5.3% ± 3.8%) [46] 2.9% 0.9%
B(Ds ! ⌧⌫) 5.70 · 10�3(1 ± 3.7% ± 5.4%) [46] 3.5% 2.3%
B(D0 ! ��) [10�6] < 1.5 [49] 30% 25%

Charm CP ACP (D0 ! K

+

K

�) [10�2] �0.32 ± 0.21 ± 0.09 [69] 0.11 0.06
ACP (D0 ! ⇡

0

⇡

0) [10�2] �0.03 ± 0.64 ± 0.10 [70] 0.29 0.09
ACP (D0 ! K

0

S⇡

0) [10�2] �0.21 ± 0.16 ± 0.09 [70] 0.08 0.03

Charm Mixing x(D0 ! K

0

S⇡

+

⇡

�) [10�2] 0.56 ± 0.19 ± 0.07
0.13 [52] 0.14 0.11

y(D0 ! K

0

S⇡

+

⇡

�) [10�2] 0.30 ± 0.15 ± 0.05
0.08 [52] 0.08 0.05

|q/p|(D0 ! K

0

S⇡

+

⇡

�) 0.90 ± 0.16
0.15 ± 0.08

0.06 [52] 0.10 0.07
�(D0 ! K

0

S⇡

+

⇡

�) [�] �6 ± 11 ± 4

5

[52] 6 4

Tau ⌧ ! µ� [10�9] < 45 [71] < 14.7 < 4.7
⌧ ! e� [10�9] < 120 [71] < 39 < 12
⌧ ! µµµ [10�9] < 21.0 [72] < 3.0 < 0.3

14

SuperKEKB TDR (2014)
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The	periodic	table	of	parKcle	physics

57Schwarzwald2014 17 

Masses of Elementary Particles 
in units of  GeV = 109eV 

u (3·10-3) 

d (6·10-3) 

c  (1.3) 

s  (0.100) 

t  (170) 

b (4.5) 

Qe (|0) 

e- (5·10-4) 

QP (|0) 

P- (0.105) 
QW (|0) 

W- (1.78) 

Families 

1 

3 

2 

4 

Particles in a given family distinguished only by the mass! 

u

m ,
m ,  

Q§ ·
¨ ¸¨ ¸
© ¹

< 10-9 

Very 
hierarchical 
structure 
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Seesaw	mechanisms	can	generate	mass

Seesaw	mechanisms	are	candidates

58

CLFV in see-saw models
Type I:

Fermion singlet
Type II:

Scalar triplet
Type III:

Fermion triplet

• Observable CLFV if see-saw scale low (with protection of LN)

• Each model leads to specific CLFV pattern

Neutrino Mass
Neutirno mass term (= effectively dim-5 operator) 

Mechanism for tiny masses: 
mn

ij= (cij/M) v2 < 0.1 eV

Seesaw (tree level)   

mn
ij = yiyj v2/M M = 1014 GeV (for yi=O(1))

Quantum Effects (Radiative Seesaw)

mn
ij = [1/(16p2)]N Cij v2/M         M=1 TeV   

Leff = (cij/M) ni
Lnj

L f f <f> = v = 246GeV

N-th order of perturbation 

The Zee-Babu model
Model:      
SM  +  w+, k++ (charged scalar singlets: L#=2)

Neutrino masses generated at 2-loop

Source of the Majorana nature: 
LNV interaction (m)

Constraints on couplings from LFV data

fem ~ f et~ fmt/2  (Normal Hierarchy)

gmm : gmt : gtt ~ 1 : mm/mt: (mm/mt)
2

Bound on the masses:   mw > 160 GeV, mk > 770 GeV (for gmm ~ 1 ) 

For the SUSY extension,  see Shindou’s Talks

Babu, PLB203,132(1988)

Babu, Macesanu (2003)
Sierra, Hirsch (2006)
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Nature	of	NP	in	τ	LFV
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Non-degenerate,	SUSY,	
Type	1	Seesaw

10-16 10-15 10-14 10-13 10-12
10-12

10-11

10-10

10-9

10-8

10-7

BHmÆegL

B
HtÆ
mg
L

ND case with NH

(i)

(ii)

(iii)

SUSY parameter:
M1/2 = 1.5 TeV, µ > 0,
(i)A0 = �2, M0 = 2TeV, tan � = 30
(ii)A0 = 0, M0 = 6TeV, tan � = 30

(iii)A0 = 0, M0 = 6TeV, tan � = 50

Neutrino Yukawa:
0 � � � �/2,
1.5 < y2,3 < 2.0,
0.01 < y1 < 0.1

FIG. 7: Correlation between B(µ ! e�) and B(⌧ ! µ�) in the non-degenerate case for three di↵erent

choices of SUSY parameters. The parameters (y1, y2, y3, ✓) are randomly generated within the designated

range.

withM
1/2 = 1.5TeV and µ > 0, where the parameters in the neutrino Yukawa matrix are randomly

varied as indicated. These choices satisfy the experimental constraints and give mh ' 126GeV.

The choice (i) is the same as the plot in Fig. 5. For the choice (ii), A
0

is set to zero and thus the

large value of M
0

= 6TeV is required to reproduce the observed Higgs boson mass. Accordingly

both B(µ ! e�) and B(⌧ ! µ�) are suppressed because of larger slepton masses. For the choice

(iii), the large tan� increases B(µ ! e�) and B(⌧ ! µ�), and the latter can be as large as 5⇥10�10

within y
2

, y
3

< 2.0. We note that y
2

, y
3

' 2.0 gives the value of the heaviest right-handed neutrino

mass close to the GUT scale. In all these cases, B(µ ! e�) can be larger than 5 ⇥ 10�14 if y
1

is

close to 0.1.

V. SUMMARY AND CONCLUSION

We have studied the lepton flavor violation in the supersymmetric seesaw model of type I with

the ansatz from the minimal supergravity. We have evaluated the latest constraints on the SUSY

parameters, taking into account recent experimental improvements for the Higgs boson mass and

direct searches of the SUSY particles at the LHC, the rare decay of Bs ! µ+µ� at the dedicated B

experiments, the neutrino mixing angle of ✓
13

at the neutrino experiments and the charged lepton

flavor violating decay at the MEG experiment. The Higgs boson mass strongly constrains the

SUSY parameters and we have shown that the allowed region of the universal scalar mass M
0

and

21

FIG. 3. Correlation between B(h ! ⌧µ) and B(⌧ ! µ�) in various NP scenarios. The present experimental

result for B(h ! ⌧µ) is shown in horizontal blue band [3]. Current and future projections for B(⌧ ! µ�)

experimental sensitivity are represented with vertical light [24] and dark [25] gray bands, respectively.

Superimposed are the predictions within the EFT approach (diagonal dashed orange line), in the type-III

THDM (green and black bands), in models with vector-like leptons (diagonal dotted purple line) and in

models with scalar leptoquarks (diagonal red and orange shaded band). See text for details.

G` ⌘ SU(3)L ⇥ SU(3)E 2 GF . In the SM (without neutrino masses), the charged lepton Yukawa

matrix � ⇠ (3, ¯3) is the only source of G` breaking. Consequently all lepton interactions are

flavor conserving in the charged lepton mass basis. Conversely, as also demonstrated explicitly

in Eq. (8), the generation of lepton flavor violating Higgs interactions requires at least two non-

aligned sources of lepton flavor symmetry breaking. At the tree level, there are only two possi-

bilities: (1) one can enlarge the SM scalar sector, such that more than one Higgs doublet couples

to the leptons (corresponding to the first term in Eq. (8)); (2) one can extend the leptonic sector

by vector-like fermions, whose Dirac masses and mixing terms with SM chiral fields can pro-

vide additional sources of G` breaking. This leads to the appearance of the �0 contributions after

integrating out the new heavy fermionic states. Both possibilities are explored in the following

sections. Example of an enlarged Higgs sector is given in Sec. III whereas the vector-like fermion

case is discussed in Sec. IV.

8

4.5  Interplay between LHC & Low Energy 

Jefferson Lab, Mar 2 2015J. Zupan   Rare Higgs Decays

new physics 
interpretation

• if real, what type of NP?

• if h→τ! due to 1-loop correction

• extra charged particles necessary

• τ→!γ typically too large

• h→τ! possible to explain if extra scalar doublet

• 2HDM of type III

• slightly above Cheng-Sher naturalness 
criterion

19

τ

!

h

Dorsner et al, 1502.07784

Dorsner et al.’15 

Emilie Passemar 44 

•  If(real(what(type(of(NP?(

•  If(h(→(τ(μ((due(to(loop((
correc1ons:(
–  extra(charged(par1cles((

necessary(

–  τ(→(μγ((too(large(
 
 
 
 
 
 
 
 
 
 
 
 

 
•  h(→(τ(μ((possible(to(explain((

if(extra(scalar(doublet:(((((((( 
       2HDM(of#type#III#

•  Constraints(from(τ#→#μγ#important!((((((((((Belle II  

(
 
 

 

I.	Dorsner	et	al.,	JHEP	1506	(2015)	108	T.	Goto	et	al.	Phys.	Rev.	D	91,	033007	(2015)

LHC	synergy	with	H	→	τ	µ	
anomaly:	Leptoquarks
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B	→	D*	τ	ν,	τ	→	h	ν

60

� Comparison with SM and Prev. Results

• By combining 𝑅 𝐷∗ and 𝑃𝜏, our result is consistent with the 
SM within 0.6σ

Preliminary Experimental average without the new result

Best fit

1σ

2σ

SM

Constraint on 𝑃𝜏 is 
given for the first time!

Had. tag, 𝜏− → ℎ−𝜈𝜏

The 14th International Workshop on Tau Lepton Physics

19/22
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3 

Bottomonia 

Bottomonium:  
§  Atomic-like b-pair 

bound state 

“Bottomonium-like:” 
§  additional quark 

pair 

Botomonium-like	
-	addiKonal	quark	pair

Botomonium	
-	atomic-like	bound	bb	
states

Botomonia
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Where	else	can	we	look?	Isolate	Z’	penguins

62

•RK	anomaly	could	imply	NP	here.	

•We	expect	5σ	on	B→	K(*)	ν	ν!	

Babar, B → K(*) ν ν , PRD 87, 112005 (2013) 
Belle, B → K(*)/π/ρ  ν ν, PRD 87, 111103(R) (2013)

5
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FIG. 2: The E
ECL

distributions for B ! h(⇤)⌫⌫̄ decays.
Points with error bars are data; the solid black histogram
is the total fit result. The blue cross-hatched region is the
background component; the dashed red histogram shows the
signal contribution.

on the branching fraction at 90% confidence level (C.L.)
is evaluated through a Bayesian method by integrating
the likelihood function from zero to the bound that
gives 90% of the total area; this assumes a uniform prior
distribution for the branching fraction. We obtain the
branching fraction using the signal yield Nsig, the signal
e�ciency ✏ and the total number of BB̄ pairs NBB̄ :
B = Nsig/(✏ ·NBB̄).

To evaluate the sensitivity, simulated experiments
with the expected amount of background events and
zero signal events were generated. For each of the
experiments, an upper limit on the branching fraction
at 90% C.L. was calculated. The median values of the
obtained upper limit distributions are summarized in
the rightmost column in Table I.

The EECL distributions in data are shown in Fig. 2,
superimposed with the fit result. The total numbers of
observed events, the signal yields, the significances of the
observed signal, the reconstruction e�ciencies and the
upper limits on the branching fractions are summarized
in Table I. None of the signal modes show a significant
signal contribution. According to MC studies, the
enhancements in the K

+
⌫⌫̄ and ⇡⌫⌫̄ modes are unlikely

to be caused by peaking background contributions. The
signal reconstruction e�ciencies are estimated with
MC simulations using the B ! h

(⇤) form factors from
Ref. [16].

The systematic uncertainty is dominated by the
statistical uncertainty of the background model. The
stringent selection increases the signal to background
ratio but also reduces the number of MC events in
the signal box. This leads to a large uncertainty in
the background shape, despite using an MC sample
corresponding to five times the data luminosity. To
estimate the uncertainty, we replace the nominal back-
ground model with two alternative models compatible
with the simulation and repeat the fit. The alternative
background models are Chebyshev polynomials of order
0, 1 or 2. For each channel, the two models that are most
compatible with the background distribution are used.
After the fit with these models, the largest deviation
of the signal yield from the nominal fit is assigned as
systematic error, which can vary in size among channels
due to the di↵erent background shapes. To validate
the procedure we also performed a crosscheck for one
of the channels by refitting the sample with randomly
fluctuating background histogram models and obtained
a compatible result. The fit bias is evaluated through
pseudo-experiments with signal and background yields
set to the observed values. The systematic uncertainty
due to MC data discrepancy of the track and ⇡

0 rejection
was studied using a D

(⇤)
l⌫ control sample. Uncertainties

associated with the Btag reconstruction e�ciency, signal
MC statistics, particle identification, track or particle
reconstruction e�ciency, the total number of the BB̄
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FIG. 2: The E
ECL

distributions for B ! h(⇤)⌫⌫̄ decays.
Points with error bars are data; the solid black histogram
is the total fit result. The blue cross-hatched region is the
background component; the dashed red histogram shows the
signal contribution.
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stringent selection increases the signal to background
ratio but also reduces the number of MC events in
the signal box. This leads to a large uncertainty in
the background shape, despite using an MC sample
corresponding to five times the data luminosity. To
estimate the uncertainty, we replace the nominal back-
ground model with two alternative models compatible
with the simulation and repeat the fit. The alternative
background models are Chebyshev polynomials of order
0, 1 or 2. For each channel, the two models that are most
compatible with the background distribution are used.
After the fit with these models, the largest deviation
of the signal yield from the nominal fit is assigned as
systematic error, which can vary in size among channels
due to the di↵erent background shapes. To validate
the procedure we also performed a crosscheck for one
of the channels by refitting the sample with randomly
fluctuating background histogram models and obtained
a compatible result. The fit bias is evaluated through
pseudo-experiments with signal and background yields
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4	ways	for	NP	to	manifest	in	Flavour

•Common	model-building	step	is	to	extend	the	gauge	structure	of	the	SM.	

1.An	addiKonal	U(1)x	gauge	symmetry	(e.g.	a	Zʹ):	Flavour	changing	neutral	
current.  

2.An	addiKonal	Higgs	doublet:	charged	Higgs.  

3.RestoraKon	of	Le�-Right	Symmetry:	i.e.	AddiKonal	Right	handed	SU(2): 
SU(2)L	x	SU(2)R	x	U(1)B-L	

•→	New	heavy	gauge	bosons	Wʹ,	Zʹ	and	new	heavy	charged	and	
neutral	Higgs	parKcles.	

•→	Quark	flavour	mixing	matrices	VL	=	VCKM	and	VR	describing	le�-	and	
right-handed	charged	current	interacKons	—	5	more	CP	phases.  

4.Add	a	heavy	seesaw	neutrino	partner:	majorana	mass	term,	LFV.
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Dark	photon	to	invisible,	e+e-	→	γ	A’,	A’	→	invisible.

• Single	photon	triggered	(*New*)	

• BaBar:	28�-1	single-photon	trigger	
(Y(2S,3S))	unpublished.	

64

Predicted backgrounds in 20 fb-1 

• Final sample is almost entirely e+e- → γ γ (γ) with ≥3γ  
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Belle	II	&	LHCb	projecKons
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World	Average	
p-value=10-5

Belle	II

Phase J	[10-5] Δ

2016 3.140	[+0.069	-0.084] 2%

Belle	II	+	LHCb	
upgrade	-	SM-like

3.125	±	0.033 1%

PU,	CKMfiter	preliminary

SM-like


