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SuperKEKB & Belle II
New intensity-frontier flavour facility
Target Luminosity: 
 Lpeak = 8 × 1035 cm-2s-1 [40 x KEKB] 

 Lint > 50 ab-1 by early 2020s [50 x Belle II]
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Chapter 1

Physics Motivation

In this chapter, we give an overview of the physics
motivation for the SuperKEKB asymmetric B factory.
The overview covers the e

+

e

� environment, achieve-
ments at Belle, and the range of physics achievable at
SuperKEKB with the Belle II experiment. The Su-
perKEKB physics program is diverse, and the range of
physics topics that can be studied is very broad. This
chapter provides justifications for the design integrated
luminosity, and plans for running at di↵erent centre-of-
mass energies.

1.1 Overview

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

SuperKEKB has a design luminosity of 8 ⇥
1035cm�2s�1, about 40 times larger that of KEKB. This
luminosity will produce 5 ⇥ 1010

b, c and ⌧ pairs, at a
rate of about 10 ab�1 per year (see Table 1.1).

1.1.1 The Intensity Frontier

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

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

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

B

(⇤)
s B̄

(⇤)
s 7.0⇥ 106 � 6.0⇥ 108

⌥(1S) 1.0⇥ 108 1.8⇥ 1011

⌥(2S) 1.7⇥ 108 0.9⇥ 107 7.0⇥ 1010

⌥(3S) 1.0⇥ 107 1.0⇥ 108 3.7⇥ 1010

⌥(5S) 3.6⇥ 107 � 3.0⇥ 109

⌧⌧ 1.0⇥ 109 0.6⇥ 109 1.0⇥ 1010

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

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

Studies of symmetries have often illuminated our un-
derstanding of nature. At the cosmological scale, there
is the unresolved problem with the matter-antimatter
asymmetry in the universe. While the violation of CP
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SuperKEKB/Belle II 
•  New intensity frontier facility!
•  Target luminosity ; !Lpeak = 8 x 1035cm-2s-1!
! !Lint > 50 ab-1 by early 2020’s.  !
!� ~1010 BB,�+�- and charms per year !  

Lpeak (KEKB) 
=2.1x1034cm-2s-1�
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The case for new physics manifesting in BII
Issues (addressable at a Flavour factory) 

• CP asymmetry in cosmology  
→ CPV in quarks and charged leptons


• Quark and Lepton flavour & mass hierarchy 
→ higher symmetry


• 19 free parameters 
→ Extensions of SM relate some, (GUTs). Study “NP DNA”


• No (WIMP) candidates for Dark Matter  
→ Hidden dark sector


• Finite neutrino masses 
→ Tau LFV.

2014 BPAC Phillip URQUIJO
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Introduction
•The Flavour Sector of the Standard 

Model is remarkably successful.

•Requires the knowledge of masses and 

of strength and type of the charged-
current interactions. 

!

!

!

•Most SM extensions contain new CP-
violating phases and new quark-flavour 
changing interactions  
(but no evidence from B-factories & 
hadron machines!)

!2

i.a Introduction: The Flavor Sector of the Standard Model

Standard Model (SM): relativistic Quantum Field theory, remarkably successful!

Most things in this talk ’live’ in so-called Flavor Sector of the SM

The Flavor Sector refers to interactions that

! distinguish between (quark) flavors
(i.e. act di↵erently on a b quark than on a c quark)

Weak and Yukawa interactions

where �W denotes the weak mixing or Weinberg angle. Its cosine and sine are defined as

sin �W = g1�
g2
1 + g2

2
, and cos �W = g2�

g2
1 + g2

2
,

and the Z0 mass at tree level is given by

mZ =
�
g21+g22
2 v = mW

cos �W
. (2.18)

Expressing the covariant derivative in terms of the gauge boson mass eigenstates results in

Dµ = �µ + i g AA
µ T

A + i g2�2

�
W+

µ T+ +W�
µ T

�
�

+ i
�
g2
1 + g2

2
�
T 3 � sin3 �W Q

�
Z0
µ + i g2 sin �W QAµ , (2.19)

where TA are the eight generators of SU(3)c, T± = T 1 ± iT 2 the generators of SU(2)W, and
Q = T 3 + Y the generator of U(1)em. Moreover, AA

µ with A = 1 � 8 denote the eight gauge
bosons associated with SU(3)c and g denotes the strong coupling. The electromagnetic coupling
constant e is given in terms of the weak coupling constant g2 as

e = g2 sin �W . (2.20)

Local Gauge invariance forbids the occurrence of bare mass terms for quarks and leptons in the
Standard Model Lagrangian density. The mass terms of the matter fields are incorporated as
interaction terms with the Higgs field, i.e. through the Yukawa couplings

LYukawa = giju ū
i
RH

T �Qj
L � gijd d̄

i
RH

†Qj
L � gije ē

i
RH

† LjL + h.c. , (2.21)

where h.c. denotes the Hermitian conjugate and repeated indices are summed. Furthermore,
the anti-symmetric matrix � is given by

� =
�

0 1
�1 0

�

, (2.22)

and ūiR =
�
uiR
�†

�0. The matrices giju couple the left- and right-handed quark and lepton fields
together and generate the mass terms by means of the vacuum expectation value of the Higgs
field. The 3� 3 quark and lepton mass matrices are given by:

Mu = vgu/
�

2 , Md = vgd/
�

2 , and Ml = vgl/
�

2 . (2.23)
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The mass matrices can be diagonalized by two separate unitary transformations A and B:

A†
uMuBu =

�

��
mu 0 0
0 mc 0
0 0 mt

�

�� , (2.24)

A†
dMdBd =

�

��
md 0 0
0 ms 0
0 0 mb

�

�� , (2.25)

A†
lMlBl =

�

��
me 0 0
0 mµ 0
0 0 m�

�

�� . (2.26)

Although the up- and down-type quarks are in the same SU(2)W doublet, their masses are
non-degenerate and therefore one needs di�erent transformations to diagonalize Mu and Md.
Diagonalizing the mass matrices leave the free field terms of the quark and lepton fields invariant,
e.g. the left-handed kinetic quark energy term is given by

�
B†
uu

†
L B†

dd
†
L

�
�0 i �/

�
BuuL
BddL

�

= Q̄i
L i �/Q

i
L . (2.27)

These unitary transformations define a new set of (mass) eigenstates,

uR = Au u�
R , uL = Bu u�

L ,
dR = Ad d�

R , dL = Bd d�
L ,

lR = Al l�R , lL = Bl l�L ,
(2.28)

and the original left-handed quark doublet QL becomes
�
uL
dL

�

=
�
Buu�

L
Bdd�

L

�

= Bu

�
u�
L

VCKM d�
L

�

, (2.29)

where the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix is defined by

VCKM = B†
uBd . (2.30)

Reparametrizing the Standard Model Lagrangian in terms of the mass eigenstates results in no
changes for the free field terms of the quarks, cf. Eq. (2.27). The coupling to the Z0 boson and
the electromagnetic coupling also are una�ected, since they both involve no couplings between
up- and down-type quark fields. The weak coupling to the W± bosons, however, is a�ected:

LW± quark int. = g2�
2
W+

µ ū�
L �

µ VCKM d�
L + h.c. , (2.31)

and as a consequence flavor changing charged currents occur at tree-level in the Standard Model.
Unitary matrices form a group under matrix multiplication, i.e. the CKM matrix Eq. (2.30) is
unitary and specified by nine real parameters. The CKM matrix elements,

VCKM =

�

��
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

�

�� , (2.32)
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Primed fields are mass eigenstates

VCKM pops up due to non-degeneracy of up- and down-type quark masses
& plays major (only?) role in Charge-Parity Violation in the SM.

3 / 52

i.c Introduction: Unitarity Triangle Status (Summer 2013)

Redundant and consistent determinations of various CKM matrix elements

Remarkable success of CKM
picture!

Additional observables in good agree-
ment with expectation:

* B ! Xs �

* B ! K⇤µµ

* Bs mixing phases

* Bs ! µµ

etc.

well not mentioning some recent very in-
teresting tensions :-)

a

a

_

_

dm6
K¡

K¡

sm6 & dm6

ubV

`sin 2

(excl. at CL > 0.95)
 < 0`sol. w/ cos 2

excluded at CL > 0.95

_

`a

l
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d
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excluded area has CL > 0.95

FPCP 13

CKM
f i t t e r
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→ NP beyond the direct reach of the LHC



May 2014,  Capri Flavour W/S Phillip URQUIJO 4

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

• Limited by EBeam 

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

• Often first clues about NP 

Searches for New Phenomena
In
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du

ct
io

n

•Γ(K0L→µµ)≪Γ(K→µν) ⇒ Charm [GIM, 1970]

•ΔmK ⇒ mc~1.5 GeV [Gaillard-Lee, 1974]

•εK≠0 ⇒ 3 generations [KM, 1973]

•ΔmB ⇒ mt ≫ mW [~1986]
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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

⇤

⌅ 2

22F ⇤� = ⇥
⌅

21F ⇤� = ⇥
⌅LHC

CKM-like
flavour violation

generic 
flavour structure

I Sketch of the bounds on new physics with scale ⇤ and flavour changing
parameter �

I Meson-antimeson mixing can probe the highest scales if flavour-violation
is generic (� large)

David Straub (Universe Cluster) 4
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B factory Achievements
BaBar (PEPII@SLAC) and Belle (KEKB@KEK)
Together recorded over 109 e+e−→Υ(4S)→BB events.

• Discovery of CPV in B
• Measurements of UT sides and angles
• Rare B decays 
• Mixing in charm 
• Searches for rare τ decays
• New hadrons

B-factories v1.0: test of the Flavor Sector of the SM

BaBar (PEPII@SLAC) and Belle (KEKB@KEK)

Together recorded over 10

9 e+e� ! ⌥(4S) ! BB events

among others made:

discovery of CPV in B meson system

measurements of the CKM matrix elements

and angles of the unitarity triangle

measurements of rare (semi-)leptonic B decays

observation of mixing in charm system

searches for rare ⌧ decays

observations of new hadrons

UT @ 2000 [J.Phys.G:Nucl.Part.Phys.27,1101] UT @ 2011 [CKM fitter]

Confirmation of the Kobayashi-Maskawa mechanism of CPV .

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 3 / 32

B-factories v1.0: test of the Flavor Sector of the SM

BaBar (PEPII@SLAC) and Belle (KEKB@KEK)
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Confirmation of the Kobayashi-Maskawa mechanism of CPV .

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 3 / 32

UT @ 2011 [CKMfitter]UT @ 2000 [J.Phys.G:Nucl.Part.Phys.27,1101]
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Flavour @ Belle II (SuperKEKB@KEK)

Still ~10% room for NP

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

CKM elements
I Within the SM, CKM elements determined from a global fit that includes

meson mixing observables that might be affected by NP

I To identify NP in �Mq , determine CKM elements from tree-level
processes that are NP-insensitive

γ
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dm∆
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New physics amplitudes 10-20% the size of the Standard Model contributions allowed by dataDriving Questions
• Are there new CPV phases?
• Right-handed currents from NP?
• Quark FCNCs beyond the SM? 
• Sources of LFV beyond the SM? 
• New operators with quarks enhanced by NP? 
• Multiple Higgs bosons? 
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New physics amplitudes 10-20% the size of the Standard Model contributions allowed by data
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New physics amplitudes 10-20% the size of the Standard Model contributions allowed by data
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New physics amplitudes 10-20% the size of the Standard Model contributions allowed by data
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How to make a Super Flavour Factory

Brute force: Increase beam currents by a factor of 5-10 ! Increase the 
beam-beam parameter by a factor of a few (crab cavities).

Too hard, too expensive (power, melt beam pipes)
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Sergey Yashchenko  | Future Prospects for Heavy Flavor Measurements   |  08.04.14  |  Page 22

Strategy for SuperKEKB

E (GeV) 

LER/HER

β*y  (mm) 

LER/HER

β*x  (cm)

LER/HER

 φ 

(mrad)

I (A) 

LER/HER

L (cm-2s-1)

KEKB 3.5/8.0 5.9/5.9 120/120 11 1.6/1.2 2.1 x 1034

SuperKEKB 4.0/7.0 0.27/0.30 3.2/2.5 41.5 3.6/2.6 80 x 1034

  Nano-beam scheme:

P. Raimondi for SuperB

Lorentz factor
Beam current Beam-beam 

parameter

Classical electron 

radius
Beam size ratio at IP 

1-2% (flat beam)
Vertical beta 

function at IP

Geometrical reduction 

factors (crossing angle, 

hourglass effect)

http://www.lnf.infn.it/conference/superb06/talks/raimondi1.ppt
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e- 2.3 A

e+ 4.0 A

x 40 Gain in Luminosity

Colliding bunches

Damping ring

Low emittance gun

Positron source

New beam pipe

& bellows

Belle II

New IR

Add / modify RF systems 
for higher beam current

New positron target / 
capture section

New superconducting /
permanent final focusing 
quads near the IP

Low emittance electrons 
to inject

Low emittance positrons 
to inject

 L=8·1035 s-1cm-2

KEKB to SuperKEKB

Redesign the magnetic lattice to 
reduce the emittance (replace 
short dipoles with longer ones, 
increase wiggler cycles)

Replace beam pipes with 
TiN-coated beam pipes with 
antechambers (reduced 
Sync  Rad.)

B 
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Completion end of 2014

✓Damping 
Ring Built

✓Longer 
LER 
Dipole 
magnets 
installed

✓New LER 
& HER 
Wiggler 
cavities 
installed
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Belle II Detector Requirements

Beam-related backgrounds are 10-20 x KEKB.

•Touschek scattering

•Radiative Bhabha

•2-photon


Fake hits, pile up, radiation damage  

Higher trigger rate: L1 trigger rate: ~20kHz 


Important improvements

•Hermeticity for full B reconstruction 

•Vertex resolution

•KS and π0 ID efficiency

•K/π separation 

10 cm

BELLE

Features of Belle II detector

10 cm

BELLE

• In contrast to LHCb, superb 
neutral detection capabilities.

• Capable of observing rare 
“missing energy modes” such as 
B!Kν! ̅ with B tags. Hermeticity
is critical. 

e.g. B!KSπ0 γ (to detect right-handed 
currents), Direct CPV in B!Ks

0π0

• High momentum PID with low 
fake rates to observe and study
b!s and b!d penguins

12

Be
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Beam background
• At SuperKEKB with x40 larger Luminosity, beam 

background will also increase drastically.

– Touschek scattering

– Beam-gas scattering

– Synchrotron radiation

– Radiative Bhabha event: emitted γ
– Radiative Bhabha event: spent e+/e-

– 2-photon process event: e+e-!e+e-e+e-

– etc…

Feb. 24th, 2011 H.Nakayama (KEK) 37

e-
e+

e-

Beam-origin

Luminosity dependent

+ 

1 O-86 5591Al 

Figure 1. Diagrams that contribute terms containing l/t md m2/t2. These and 
the charge conjugate diagrams dominate the order cz* cross section for the region 
under study. 

Background�event�display
100ns,�shown�E>1MeV
Green:�neutrons
Yellow:�gammas
Red:�eͲ,�Blue:�e+
䕦:�primary�loss�position

cm

cm

Neutrons: background hits in the muon and KL detection system (KLM) Æ
reduce the efficiency of muon and KL detection Æ replace RPCs in the 
endcaps and 2 barrel layers.
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Belle II Detector Requirements

Beam-related backgrounds are 10-20 x KEKB.

•Touschek scattering

•Radiative Bhabha

•2-photon


Fake hits, pile up, radiation damage  

Higher trigger rate: L1 trigger rate: ~20kHz 


Important improvements

•Hermeticity for full B reconstruction 

•Vertex resolution

•KS and π0 ID efficiency

•K/π separation 

10 cm

BELLE

Features of Belle II detector

10 cm

BELLE

• In contrast to LHCb, superb 
neutral detection capabilities.

• Capable of observing rare 
“missing energy modes” such as 
B!Kν! ̅ with B tags. Hermeticity
is critical. 

e.g. B!KSπ0 γ (to detect right-handed 
currents), Direct CPV in B!Ks

0π0

• High momentum PID with low 
fake rates to observe and study
b!s and b!d penguins
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Beam background
• At SuperKEKB with x40 larger Luminosity, beam 

background will also increase drastically.

– Touschek scattering

– Beam-gas scattering

– Synchrotron radiation

– Radiative Bhabha event: emitted γ
– Radiative Bhabha event: spent e+/e-

– 2-photon process event: e+e-!e+e-e+e-

– etc…

Feb. 24th, 2011 H.Nakayama (KEK) 37
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Figure 1. Diagrams that contribute terms containing l/t md m2/t2. These and 
the charge conjugate diagrams dominate the order cz* cross section for the region 
under study. 
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Belle II Detector

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)

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
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See backup slides for 
further details
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Vertex Detectors
Layers 1-2: Pixel Detector

Layers 3-6: Strip Detector
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Vertex detectors

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 21 / 32

Closer to IP 

“VXD-only” tracking
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Belle II Vertex Detector
PXD: excellent spatial granularity (resolution ~15 µm)


low material (0.16%X0 for layer 1) 

but significant amount of background hits, huge data rate. 


 
SVD: precise timing (2–3 ns RMS)


but has ambiguities in space due to 1D strip. 

At much larger radius (~100->140 mm)

Combining both yields a very powerful device!

~10 million channels!

few 100k channels!
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Vertex detectors

DESY Beam Test in January ’14

Read out ”Region Of Interest” scheme in PXD works!
(To reduce the Gbit/s data volume from pixels)

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 23 / 32

(Successful test beam January 2014) : To reduce Gbit/s data from PXD, 
read out only  Regions Of Interest from projected SVD tracks
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Performance

π+ π− Ks track

 IP profile

B vertex

γ

γ

γ

B decay point reconstruction 
Using the KS trajectory

Larger radial 
coverage of 
SVD

14

Larger acceptance (by 30%) for detection of pions from KS decay →  
e.g. improves Time Dependent CP Asymmetry  δS(KSπ0γ)
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30% -> ~2% 
precision

Sergey Yashchenko  | Future Prospects for Heavy Flavor Measurements   |  08.04.14  |  Page 44

Vertex Detector: PXD+SVD 

Closest approach resolution Z resolution

>Significant improvement in IP resolution

Less multiple 
scattering

PXD close to the 
beam pipe

c c

Belle Belle

Belle II
Belle II

1)

2)
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Particle Identification

Aerogel radiator
Hamamatsu HAPD + readout

Barrel PID: Time of Propagation Counter (TOP)

Aerogel radiator

Cherenkov photon

200mm

n~1.05

Endcap PID: Aerogel RICH(ARICH)

200

Quartz radiator
Focusing mirror

measure t, x and y
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PID: Principle of operation of iTOP detector

Simulation of a 2 GeV pion and kaon interacting in a quartz bar.
Incoming 
track 

16 bar modules arranged in 
a “roman arch”
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Kaons vs pions: Integrated distributions

X position

Time in 
ns

500ps

At 3 GeV Timing at the ~100 ps level is 
needed to separate pion and Kaon

Quartz Bar
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Kaons vs pions: Integrated distributions

X position

Time in 
ns

500ps

At 3 GeV Timing at the ~100 ps level is 
needed to separate pion and Kaon

Quartz Bar
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Particle identification detectors

Barrel: Time of Propagation counter

Pattern in the coordinate-time space (’ring’) is di↵erent for kaons and pions

Excellent agreement between beam test data and MC simulated patterns

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 17 / 32

Excellent agreement between the test beam data and MC simulation
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iTOP impact on Rare b→d Penguins: B→ργ, K*γ

Rare leucistic penguin, 
observed in a 2012 expedition

The Background  
B→K* γ (Belle / BelleII ) ~30X 
more abundant than the signal  
B→ργ.

MC
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Belle

Belle II
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The Belle II Collaboration

•Belle experiment@KEKB 
(1999-2010)


[400 collaborators, 15 nations] 

•Belle II experiment@SuperKEKB 
(online in 2016)

 
[~600 collaborators, 96 institutions, 23 
nations/regions]
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International collaboration from: 
Saudi Arabia, Australia, Austria, 
Canada, China, Czech, Germany, 
India, Italy, Japan, Korea, Malaysia, 
Mexico, Vietnam, Poland, Russia, 
Slovenia, Spain, Taiwan, Thailand, 
Turkey, USA, Ukraine
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Data collection timeline*
1 2015 Accelerator commissioning
2 2016 Belle II “Beast” and partial detector commissioning
3 2017 First runs with full detector
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Goal of Belle II/SuperKEKB

9 months/year
20 days/month

Commissioning starts
in early 2015.

Shutdown
for upgrade
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Calendar Year

2 31Current B factories
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Golden modes of Belle II

• Missing energy: 


• B→lν, l=e,µ,τ


• B→D*τν, B→Xu,clν, B→K(*)νν


• CPV in tree level decays Vs. penguins (inc. neutrals)


• ACP in radiative decays, SKSπ0γ


• Inclusive measurements, b→sγ, b→sl+l-,


• CPV in D0 mixing


• Charged LFV, τ→μγ, τ→eee


• Improved CKM elements 


• + Dark matter, new QCD states, Light Higgs.

• Unique capabilities of Belle II: 
• Exactly 2 B mesons produced (at Υ(4S))

• High flavour tag efficiency (10 x better than LHC)


• Detection of photons, π0, ρ±, η(‘), KL: complete strong phase surveys,

• Clean (“see” decays with several neutrinos)

“Golden” modes?
• Sensitive to different NP


• Measurements to improve by 
5-100 x precision. 

• Not limited by hadronic 
uncertainties
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Semi(Leptonic)  
 B Decays

Extended Higgs & Gauge Sectors?

FCNCs with quarks?
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H+ Search: B+→τυ, µυ

|Vub|

τ 

ν 

b 

u 

H+,W+ 

_ 

(Decays with Large Missing Energy)

Helicity suppressed - very small in SM.

NP could interfere e.g. charged Higgs, 
and change the branching fraction
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and the Gegenbauer momenta [43]:

g(a)
⊥ (u) = 6uū

[

1 + a∥1ξ +

{

1

4
a∥2 +

5

3
ζA
3

(

1 −
3

16
ωA

1,0

)

+
35

4
ζV
3

}

(5ξ2 − 1)

]

+6 δ̃+ (3uū + ū ln ū + u ln u) + 6 δ̃− (ū ln ū − u ln u) , (169)

g(v)
⊥ (u) =

3

4
(1 + ξ2) + a∥1

3

2
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

Type λUU λDD λLL

I cot β cot β cot β
II cot β − tan β − tan β
III cot β − tan β cot β
IV cot β cot β − tan β

Table 1: Yukawa couplings for the four types of 2HDM. U , D and L stand respectively for
the up-type quarks, the down-type quarks and the leptons.

C.2 Charged Higgs contributions

At the Leading Order, the relevant charged Higgs contributions to the Wilson coefficients
are given by [26]:

δCH(0)
7,8 (µW ) =

λ2
tt

3
F (1)

7,8 (xtH±) − λttλbbF
(2)
7,8 (xtH±) , (48)

where

xtH± =
m2

t (µW )

M2
H±

, (49)

and

F (1)
7 (x) =

x(7 − 5x − 8x2)

24(x − 1)3
+

x2(3x − 2)

4(x − 1)4
ln x ,

F (1)
8 (x) =

x(2 + 5x − x2)

8(x − 1)3
−

3x2

4(x − 1)4
ln x , (50)

F (2)
7 (x) =

x(3 − 5x)

12(x − 1)2
+

x(3x − 2)

6(x − 1)3
ln x ,

F (2)
8 (x) =

x(3 − x)

4(x − 1)2
−

x

2(x − 1)3
ln x .

λtt,λbb are the Yukawa couplings. In supersymmetry, they read:

λtt = −
1

λbb
=

1

tan β
. (51)

For the different types of 2HDM, the Yukawa couplings are summarized in Table 1.

At the NLO, the charged Higgs contributions can be written in the form [26]:

δC(1)
7 (µW ) = GH

7 (xtH±) + ∆H
7 (xtH±) ln

µ2
W

M2
H±

−
4

9
EH(xtH±) , (52)

δC(1)
8 (µW ) = GH

8 (xtH±) + ∆H
8 (xtH±) ln

µ2
W

M2
H±

−
1

6
EH(xtH±) , (53)

34

BFSM rH

2HDM 
scenarios
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Missing energy modes

1 Reconstruct one of the B mesons (Btag) in the event

typically "(Btag) ⇠ 0.20%� 0.25% at 20% purity

2 All remaining particle(s) in the detector originate from the decay of other B

What is the number of remaining charged tracks?
Is it kaon, pion, electron, or ....?
Is there any additional activity in the calorimeter?

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 11 / 32

24

Β->τν : Experimental Challenge 

No residual activity (neutrinos)

4
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FIG. 2: Distributions of EECL (top) and M2
miss (bottom)

combined for all the τ− decays. The M2
miss distribution is

shown for a signal region of EECL < 0.2 GeV. For both fig-
ures, the solid circles with error bars are data. The solid
histograms show the sum of the signal and background com-
ponents. The dotted histograms show the total background
component. The dashed histogram for EECL shows the sig-
nal component. The dash-dotted histogram for M2

miss shows
the signal component for τ− decays into e−ν̄eντ and µ−ν̄µντ ,
while the dash-dot-dotted for π−ντ and π−π0ντ .

TABLE I: Results of the fit for signal yields (Nsig), detection
efficiencies (ϵ), and branching fractions (B). The efficiencies
include the branching fractions of the τ− decay modes. The
errors for Nsig and B are statistical only.

Decay mode Nsig ϵ (10−4) B (10−4)

τ− → e−ν̄eντ 16+11
−9 3.0 0.68+0.49

−0.41

τ− → µ−ν̄µντ 26+15
−14 3.1 1.06+0.63

−0.58

τ− → π−ντ 8+10
−8 1.8 0.57+0.70

−0.59

τ− → π−π0ντ 14+19
−16 3.4 0.52+0.72

−0.62

Combined 62+23
−22 11.2 0.72+0.27

−0.25

the efficiencies, and the number of B+B− pairs. The sys-
tematic error from MC statistics of the PDF histograms
is evaluated by varying the content of each bin by its
statistical uncertainty. To estimate the systematic error
due to the possible signal EECL shape difference between
MC and data, the ratio of data to MC for the EECL his-
tograms of the B− → D∗0ℓ−ν̄ℓ sample is fitted with a
first-order polynomial and the signal EECL PDF is mod-

ified within the fitted errors. The uncertainties for the
branching fractions of B decays that peak near zero EECL

are estimated by changing the branching fractions in MC
by their experimental errors [17] if available, or by ±50%
otherwise. To estimate the uncertainty associated with
the Btag efficiency for the signal, B(B− → D∗0ℓ−ν̄ℓ) ob-
tained from the B− → D∗0ℓ−ν̄ℓ sample is compared to
the world average value [17]. The results are consistent
and the uncertainty of the measurement is assigned as
the systematic error. The uncertainty for the fraction of
the correctly reconstructed Btag in the background is ob-
tained by changing the fractions by errors obtained from
the EECL sideband sample. The systematic errors in the
signal-side efficiencies arise from the uncertainty in track-
ing efficiency, particle identification efficiency, branch-
ing fractions of τ decays, the reconstruction efficiency
of π0, and MC statistics. The systematic uncertainty
related to the K0

L veto efficiency is estimated from the
statistical uncertainties of the D0 → φK0

S control sam-
ple and the fraction of events with K0

L candidates in the
B− → D∗0ℓ−ν̄ℓ sample. The estimated systematic errors
are summarized in Table II.

TABLE II: Summary of the systematic errors for the branch-
ing fraction measurement.

Source B syst. error (%)
Signal PDF 4.2
Background PDF 8.8
Peaking background 3.8
Btag efficiency 7.1
Particle identification 1.0
π0 efficiency 0.5
Tracking efficiency 0.3
τ branching fraction 0.6
MC efficiency statistics 0.4
K0

L efficiency 7.3
NB+B− 1.3

Total 14.7

The branching fraction measured here is lower than the
previous Belle result with a hadronic tagging method [6].
Using the first 449× 106BB̄ sample, that corresponds to
the data set used in Ref. [6] after reprocessing, we ob-
tain B(B− → τ−ν̄τ ) = [1.08+0.37

−0.35(stat)] × 10−4. Note
that the overlap of events between the two analyses is
small because the reconstruction efficiency has increased
by more than a factor of three. Assuming that all the
events used in the previous analysis overlap with present
analysis, the remaining events provide a result statisti-
cally consistent within 1.9σ. Using the last 323×106BB̄,
we obtain B(B− → τ−ν̄τ ) = [0.24+0.39

−0.34(stat)] × 10−4,
which is statistically consistent with the result for the
first 449 × 106BB̄ data set within 1.6σ. Our results
are also consistent with other publications within the er-

Signal (B→τν): 
Zero or small value of EECL 
arising only from beam 
background

No residual tracks from the IP.

Belle 2013
PRL 110 (2013) 131801 
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Reconstruct one B meson (Btag) 
ε(Btag) = 0.20 - 0.25% @ 
Purity(Btag)  = 20%  
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Missing energy modes

1 Reconstruct one of the B mesons (Btag) in the event

typically "(Btag) ⇠ 0.20%� 0.25% at 20% purity

2 All remaining particle(s) in the detector originate from the decay of other B

What is the number of remaining charged tracks?
Is it kaon, pion, electron, or ....?
Is there any additional activity in the calorimeter?
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FIG. 2: Distributions of EECL (top) and M2
miss (bottom)

combined for all the τ− decays. The M2
miss distribution is

shown for a signal region of EECL < 0.2 GeV. For both fig-
ures, the solid circles with error bars are data. The solid
histograms show the sum of the signal and background com-
ponents. The dotted histograms show the total background
component. The dashed histogram for EECL shows the sig-
nal component. The dash-dotted histogram for M2

miss shows
the signal component for τ− decays into e−ν̄eντ and µ−ν̄µντ ,
while the dash-dot-dotted for π−ντ and π−π0ντ .

TABLE I: Results of the fit for signal yields (Nsig), detection
efficiencies (ϵ), and branching fractions (B). The efficiencies
include the branching fractions of the τ− decay modes. The
errors for Nsig and B are statistical only.

Decay mode Nsig ϵ (10−4) B (10−4)

τ− → e−ν̄eντ 16+11
−9 3.0 0.68+0.49

−0.41

τ− → µ−ν̄µντ 26+15
−14 3.1 1.06+0.63

−0.58

τ− → π−ντ 8+10
−8 1.8 0.57+0.70

−0.59

τ− → π−π0ντ 14+19
−16 3.4 0.52+0.72

−0.62

Combined 62+23
−22 11.2 0.72+0.27

−0.25

the efficiencies, and the number of B+B− pairs. The sys-
tematic error from MC statistics of the PDF histograms
is evaluated by varying the content of each bin by its
statistical uncertainty. To estimate the systematic error
due to the possible signal EECL shape difference between
MC and data, the ratio of data to MC for the EECL his-
tograms of the B− → D∗0ℓ−ν̄ℓ sample is fitted with a
first-order polynomial and the signal EECL PDF is mod-

ified within the fitted errors. The uncertainties for the
branching fractions of B decays that peak near zero EECL

are estimated by changing the branching fractions in MC
by their experimental errors [17] if available, or by ±50%
otherwise. To estimate the uncertainty associated with
the Btag efficiency for the signal, B(B− → D∗0ℓ−ν̄ℓ) ob-
tained from the B− → D∗0ℓ−ν̄ℓ sample is compared to
the world average value [17]. The results are consistent
and the uncertainty of the measurement is assigned as
the systematic error. The uncertainty for the fraction of
the correctly reconstructed Btag in the background is ob-
tained by changing the fractions by errors obtained from
the EECL sideband sample. The systematic errors in the
signal-side efficiencies arise from the uncertainty in track-
ing efficiency, particle identification efficiency, branch-
ing fractions of τ decays, the reconstruction efficiency
of π0, and MC statistics. The systematic uncertainty
related to the K0

L veto efficiency is estimated from the
statistical uncertainties of the D0 → φK0

S control sam-
ple and the fraction of events with K0

L candidates in the
B− → D∗0ℓ−ν̄ℓ sample. The estimated systematic errors
are summarized in Table II.

TABLE II: Summary of the systematic errors for the branch-
ing fraction measurement.

Source B syst. error (%)
Signal PDF 4.2
Background PDF 8.8
Peaking background 3.8
Btag efficiency 7.1
Particle identification 1.0
π0 efficiency 0.5
Tracking efficiency 0.3
τ branching fraction 0.6
MC efficiency statistics 0.4
K0

L efficiency 7.3
NB+B− 1.3

Total 14.7

The branching fraction measured here is lower than the
previous Belle result with a hadronic tagging method [6].
Using the first 449× 106BB̄ sample, that corresponds to
the data set used in Ref. [6] after reprocessing, we ob-
tain B(B− → τ−ν̄τ ) = [1.08+0.37

−0.35(stat)] × 10−4. Note
that the overlap of events between the two analyses is
small because the reconstruction efficiency has increased
by more than a factor of three. Assuming that all the
events used in the previous analysis overlap with present
analysis, the remaining events provide a result statisti-
cally consistent within 1.9σ. Using the last 323×106BB̄,
we obtain B(B− → τ−ν̄τ ) = [0.24+0.39

−0.34(stat)] × 10−4,
which is statistically consistent with the result for the
first 449 × 106BB̄ data set within 1.6σ. Our results
are also consistent with other publications within the er-
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Charged Higgs in ⌧ + jets at ATLAS & B ! ⌧ ⌫̄⌧ at BABAR
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TABLE III: Reconstruction e�ciency ✏, measured branching

fractions, and statistical uncertainty obtained from the fit

with all the modes separately and constrained to the same

branching fraction. The ⌧ decay mode branching fractions

are included in the e�ciencies.

Decay Mode ✏k(⇥10

�4
) Signal yield B(⇥10

�4
)

⌧+ ! e+⌫⌫̄ 2.47 ± 0.14 4.1 ± 9.1 0.35+0.84
�0.73

⌧+ ! µ+⌫⌫̄ 2.45 ± 0.14 12.9 ± 9.7 1.12+0.90
�0.78

⌧+ ! ⇡+⌫ 0.98 ± 0.14 17.1 ± 6.2 3.69+1.42
�1.22

⌧+ ! ⇢+⌫ 1.35 ± 0.11 24.0 ± 10.0 3.78+1.65
�1.45

combined 62.1 ± 17.3 1.83+0.53
�0.49

TABLE IV: Contributions to systematic uncertainty on the

branching fraction.

Source of systematics B uncertainty (%)

Additive

Background PDF 10

Signal PDF 2.6

Multiplicative

Tag-B e�ciency 5.0

B counting 1.1

Electron identification 2.6

Muon identification 4.7

Kaon identification 0.4

Tracking 0.5

MC statistics 0.6

Total 13

shapes used in the fit. To estimate the systematic uncer-
tainty in the background PDF shape we repeat the fit of
the branching fraction with 1000 variations of the back-
ground PDFs, varying each bin content within its statis-
tical uncertainty. We use the range of fitted branching
fractions covering 68% of the distribution as systematic
uncertainty yielding an overall contribution of 10%. We
correct the systematic e↵ects of disagreements between
data and MC Eextra distributions for signal events us-
ing a sample of completely reconstructed events in data
and MC, as already described. To estimate the related
systematic uncertainties, we vary the parameters of the
second-order polynomial defining the correction within
their uncertainty and repeat the fit to the B+ ! ⌧+⌫
branching fraction. We observe a 2.6% variation that we
take as the systematic uncertainty on the signal shape.
Including the e↵ects of additive systematic uncertainties,
the significance of the result is evaluated as 3.8�.

Multiplicative systematic uncertainties on the e�-
ciency stem from the uncertainty in the tag-B e�ciency
correction (5.0%), electron identification (2.6%), muon
identification (4.7%), charged kaon veto (0.4%), and the
finite signal MC statistics (0.8%). Table IV summarizes
the systematic uncertainties. The total systematic uncer-
tainty is obtained by combining all sources in quadrature.

In summary, we have measured the branching frac-
tion of the decay B+ ! ⌧+⌫ using a tagging algorithm
based on the reconstruction of hadronic B decays us-
ing a data sample of 467.8 � 106 BB pairs collected
with the BABAR detector at the PEP-II B-Factory. We
measure the branching fraction to be B(B+ ! ⌧+⌫) =
(1.83+0.53

�0.49(stat.)± 0.24(syst.)) � 10�4, excluding the null
hypothesis by 3.8�. (including systematic uncertainty).
This result supersedes our previous result using the same
technique [8]. Combining this result with the other
BABAR measurement of B(B+ ! ⌧+⌫) derived from a
statistically independent sample [9], we obtain B(B+ !
⌧+⌫) = (1.79 ± 0.48) � 10�4, where both statistical and
systematic uncertainties are combined in quadrature.
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FIG. 4: Top plot: Comparison between the measured

B(B+ ! ⌧+⌫) branching fraction (horizontal band) with the

prediction of the 2HDM as a function of tan �/mH+ , using

exclusive (red/light gray) or inclusive (blue/dark gray) |Vub|
measurement. Bottom plots: 90% and 99% C.L. exclusion re-

gions in the (mH+ , tan�) plane using the exclusive (left) and

inclusive (right) measurements of |Vub|.

Our measurement of the branching fraction B(B+ !
⌧+⌫) exceeds the prediction of the SM determined using
the values of |Vub| extracted from exclusive semileptonic
events and from inclusive semileptonic events by 2.4�
and 1.6�, respectively. We also determine, separately for
the exclusive and inclusive |Vub| BABAR measurements,
90% C.L. exclusion regions in the parameter space of
the 2HDM - type II (mH+ , tan �), where mH+ is the
charged Higgs mass and tan� is the ratio of the vacuum
expectation values of the two Higgs doublets. We find
that, taking |Vub| from the exclusive measurement, most
of the parameters space is excluded at 90% C.L. Using
the higher value of |Vub| from the inclusive measurement,
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TABLE III: Reconstruction e�ciency ✏, measured branching

fractions, and statistical uncertainty obtained from the fit

with all the modes separately and constrained to the same

branching fraction. The ⌧ decay mode branching fractions

are included in the e�ciencies.

Decay Mode ✏k(⇥10

�4
) Signal yield B(⇥10

�4
)

⌧+ ! e+⌫⌫̄ 2.47 ± 0.14 4.1 ± 9.1 0.35+0.84
�0.73

⌧+ ! µ+⌫⌫̄ 2.45 ± 0.14 12.9 ± 9.7 1.12+0.90
�0.78

⌧+ ! ⇡+⌫ 0.98 ± 0.14 17.1 ± 6.2 3.69+1.42
�1.22

⌧+ ! ⇢+⌫ 1.35 ± 0.11 24.0 ± 10.0 3.78+1.65
�1.45

combined 62.1 ± 17.3 1.83+0.53
�0.49

TABLE IV: Contributions to systematic uncertainty on the

branching fraction.

Source of systematics B uncertainty (%)

Additive

Background PDF 10

Signal PDF 2.6

Multiplicative

Tag-B e�ciency 5.0

B counting 1.1

Electron identification 2.6

Muon identification 4.7

Kaon identification 0.4

Tracking 0.5

MC statistics 0.6

Total 13

shapes used in the fit. To estimate the systematic uncer-
tainty in the background PDF shape we repeat the fit of
the branching fraction with 1000 variations of the back-
ground PDFs, varying each bin content within its statis-
tical uncertainty. We use the range of fitted branching
fractions covering 68% of the distribution as systematic
uncertainty yielding an overall contribution of 10%. We
correct the systematic e↵ects of disagreements between
data and MC Eextra distributions for signal events us-
ing a sample of completely reconstructed events in data
and MC, as already described. To estimate the related
systematic uncertainties, we vary the parameters of the
second-order polynomial defining the correction within
their uncertainty and repeat the fit to the B+ ! ⌧+⌫
branching fraction. We observe a 2.6% variation that we
take as the systematic uncertainty on the signal shape.
Including the e↵ects of additive systematic uncertainties,
the significance of the result is evaluated as 3.8�.

Multiplicative systematic uncertainties on the e�-
ciency stem from the uncertainty in the tag-B e�ciency
correction (5.0%), electron identification (2.6%), muon
identification (4.7%), charged kaon veto (0.4%), and the
finite signal MC statistics (0.8%). Table IV summarizes
the systematic uncertainties. The total systematic uncer-
tainty is obtained by combining all sources in quadrature.

In summary, we have measured the branching frac-
tion of the decay B+ ! ⌧+⌫ using a tagging algorithm
based on the reconstruction of hadronic B decays us-
ing a data sample of 467.8 � 106 BB pairs collected
with the BABAR detector at the PEP-II B-Factory. We
measure the branching fraction to be B(B+ ! ⌧+⌫) =
(1.83+0.53

�0.49(stat.)± 0.24(syst.)) � 10�4, excluding the null
hypothesis by 3.8�. (including systematic uncertainty).
This result supersedes our previous result using the same
technique [8]. Combining this result with the other
BABAR measurement of B(B+ ! ⌧+⌫) derived from a
statistically independent sample [9], we obtain B(B+ !
⌧+⌫) = (1.79 ± 0.48) � 10�4, where both statistical and
systematic uncertainties are combined in quadrature.
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FIG. 4: Top plot: Comparison between the measured

B(B+ ! ⌧+⌫) branching fraction (horizontal band) with the

prediction of the 2HDM as a function of tan �/mH+ , using

exclusive (red/light gray) or inclusive (blue/dark gray) |Vub|
measurement. Bottom plots: 90% and 99% C.L. exclusion re-

gions in the (mH+ , tan�) plane using the exclusive (left) and

inclusive (right) measurements of |Vub|.

Our measurement of the branching fraction B(B+ !
⌧+⌫) exceeds the prediction of the SM determined using
the values of |Vub| extracted from exclusive semileptonic
events and from inclusive semileptonic events by 2.4�
and 1.6�, respectively. We also determine, separately for
the exclusive and inclusive |Vub| BABAR measurements,
90% C.L. exclusion regions in the parameter space of
the 2HDM - type II (mH+ , tan �), where mH+ is the
charged Higgs mass and tan� is the ratio of the vacuum
expectation values of the two Higgs doublets. We find
that, taking |Vub| from the exclusive measurement, most
of the parameters space is excluded at 90% C.L. Using
the higher value of |Vub| from the inclusive measurement,
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TABLE III: Reconstruction e�ciency ✏, measured branching

fractions, and statistical uncertainty obtained from the fit

with all the modes separately and constrained to the same

branching fraction. The ⌧ decay mode branching fractions

are included in the e�ciencies.

Decay Mode ✏k(⇥10

�4
) Signal yield B(⇥10

�4
)

⌧+ ! e+⌫⌫̄ 2.47 ± 0.14 4.1 ± 9.1 0.35+0.84
�0.73

⌧+ ! µ+⌫⌫̄ 2.45 ± 0.14 12.9 ± 9.7 1.12+0.90
�0.78

⌧+ ! ⇡+⌫ 0.98 ± 0.14 17.1 ± 6.2 3.69+1.42
�1.22

⌧+ ! ⇢+⌫ 1.35 ± 0.11 24.0 ± 10.0 3.78+1.65
�1.45

combined 62.1 ± 17.3 1.83+0.53
�0.49

TABLE IV: Contributions to systematic uncertainty on the

branching fraction.

Source of systematics B uncertainty (%)

Additive

Background PDF 10

Signal PDF 2.6

Multiplicative

Tag-B e�ciency 5.0

B counting 1.1

Electron identification 2.6

Muon identification 4.7

Kaon identification 0.4

Tracking 0.5

MC statistics 0.6

Total 13

shapes used in the fit. To estimate the systematic uncer-
tainty in the background PDF shape we repeat the fit of
the branching fraction with 1000 variations of the back-
ground PDFs, varying each bin content within its statis-
tical uncertainty. We use the range of fitted branching
fractions covering 68% of the distribution as systematic
uncertainty yielding an overall contribution of 10%. We
correct the systematic e↵ects of disagreements between
data and MC Eextra distributions for signal events us-
ing a sample of completely reconstructed events in data
and MC, as already described. To estimate the related
systematic uncertainties, we vary the parameters of the
second-order polynomial defining the correction within
their uncertainty and repeat the fit to the B+ ! ⌧+⌫
branching fraction. We observe a 2.6% variation that we
take as the systematic uncertainty on the signal shape.
Including the e↵ects of additive systematic uncertainties,
the significance of the result is evaluated as 3.8�.

Multiplicative systematic uncertainties on the e�-
ciency stem from the uncertainty in the tag-B e�ciency
correction (5.0%), electron identification (2.6%), muon
identification (4.7%), charged kaon veto (0.4%), and the
finite signal MC statistics (0.8%). Table IV summarizes
the systematic uncertainties. The total systematic uncer-
tainty is obtained by combining all sources in quadrature.

In summary, we have measured the branching frac-
tion of the decay B+ ! ⌧+⌫ using a tagging algorithm
based on the reconstruction of hadronic B decays us-
ing a data sample of 467.8 � 106 BB pairs collected
with the BABAR detector at the PEP-II B-Factory. We
measure the branching fraction to be B(B+ ! ⌧+⌫) =
(1.83+0.53

�0.49(stat.)± 0.24(syst.)) � 10�4, excluding the null
hypothesis by 3.8�. (including systematic uncertainty).
This result supersedes our previous result using the same
technique [8]. Combining this result with the other
BABAR measurement of B(B+ ! ⌧+⌫) derived from a
statistically independent sample [9], we obtain B(B+ !
⌧+⌫) = (1.79 ± 0.48) � 10�4, where both statistical and
systematic uncertainties are combined in quadrature.
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FIG. 4: Top plot: Comparison between the measured

B(B+ ! ⌧+⌫) branching fraction (horizontal band) with the

prediction of the 2HDM as a function of tan �/mH+ , using

exclusive (red/light gray) or inclusive (blue/dark gray) |Vub|
measurement. Bottom plots: 90% and 99% C.L. exclusion re-

gions in the (mH+ , tan�) plane using the exclusive (left) and

inclusive (right) measurements of |Vub|.

Our measurement of the branching fraction B(B+ !
⌧+⌫) exceeds the prediction of the SM determined using
the values of |Vub| extracted from exclusive semileptonic
events and from inclusive semileptonic events by 2.4�
and 1.6�, respectively. We also determine, separately for
the exclusive and inclusive |Vub| BABAR measurements,
90% C.L. exclusion regions in the parameter space of
the 2HDM - type II (mH+ , tan �), where mH+ is the
charged Higgs mass and tan� is the ratio of the vacuum
expectation values of the two Higgs doublets. We find
that, taking |Vub| from the exclusive measurement, most
of the parameters space is excluded at 90% C.L. Using
the higher value of |Vub| from the inclusive measurement,
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TABLE III: Reconstruction e�ciency ✏, measured branching

fractions, and statistical uncertainty obtained from the fit

with all the modes separately and constrained to the same

branching fraction. The ⌧ decay mode branching fractions

are included in the e�ciencies.

Decay Mode ✏k(⇥10

�4
) Signal yield B(⇥10

�4
)

⌧+ ! e+⌫⌫̄ 2.47 ± 0.14 4.1 ± 9.1 0.35+0.84
�0.73

⌧+ ! µ+⌫⌫̄ 2.45 ± 0.14 12.9 ± 9.7 1.12+0.90
�0.78

⌧+ ! ⇡+⌫ 0.98 ± 0.14 17.1 ± 6.2 3.69+1.42
�1.22

⌧+ ! ⇢+⌫ 1.35 ± 0.11 24.0 ± 10.0 3.78+1.65
�1.45

combined 62.1 ± 17.3 1.83+0.53
�0.49

TABLE IV: Contributions to systematic uncertainty on the

branching fraction.

Source of systematics B uncertainty (%)

Additive

Background PDF 10

Signal PDF 2.6

Multiplicative

Tag-B e�ciency 5.0

B counting 1.1

Electron identification 2.6

Muon identification 4.7

Kaon identification 0.4

Tracking 0.5

MC statistics 0.6

Total 13

shapes used in the fit. To estimate the systematic uncer-
tainty in the background PDF shape we repeat the fit of
the branching fraction with 1000 variations of the back-
ground PDFs, varying each bin content within its statis-
tical uncertainty. We use the range of fitted branching
fractions covering 68% of the distribution as systematic
uncertainty yielding an overall contribution of 10%. We
correct the systematic e↵ects of disagreements between
data and MC Eextra distributions for signal events us-
ing a sample of completely reconstructed events in data
and MC, as already described. To estimate the related
systematic uncertainties, we vary the parameters of the
second-order polynomial defining the correction within
their uncertainty and repeat the fit to the B+ ! ⌧+⌫
branching fraction. We observe a 2.6% variation that we
take as the systematic uncertainty on the signal shape.
Including the e↵ects of additive systematic uncertainties,
the significance of the result is evaluated as 3.8�.

Multiplicative systematic uncertainties on the e�-
ciency stem from the uncertainty in the tag-B e�ciency
correction (5.0%), electron identification (2.6%), muon
identification (4.7%), charged kaon veto (0.4%), and the
finite signal MC statistics (0.8%). Table IV summarizes
the systematic uncertainties. The total systematic uncer-
tainty is obtained by combining all sources in quadrature.

In summary, we have measured the branching frac-
tion of the decay B+ ! ⌧+⌫ using a tagging algorithm
based on the reconstruction of hadronic B decays us-
ing a data sample of 467.8 � 106 BB pairs collected
with the BABAR detector at the PEP-II B-Factory. We
measure the branching fraction to be B(B+ ! ⌧+⌫) =
(1.83+0.53

�0.49(stat.)± 0.24(syst.)) � 10�4, excluding the null
hypothesis by 3.8�. (including systematic uncertainty).
This result supersedes our previous result using the same
technique [8]. Combining this result with the other
BABAR measurement of B(B+ ! ⌧+⌫) derived from a
statistically independent sample [9], we obtain B(B+ !
⌧+⌫) = (1.79 ± 0.48) � 10�4, where both statistical and
systematic uncertainties are combined in quadrature.
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FIG. 4: Top plot: Comparison between the measured

B(B+ ! ⌧+⌫) branching fraction (horizontal band) with the

prediction of the 2HDM as a function of tan �/mH+ , using

exclusive (red/light gray) or inclusive (blue/dark gray) |Vub|
measurement. Bottom plots: 90% and 99% C.L. exclusion re-

gions in the (mH+ , tan�) plane using the exclusive (left) and

inclusive (right) measurements of |Vub|.

Our measurement of the branching fraction B(B+ !
⌧+⌫) exceeds the prediction of the SM determined using
the values of |Vub| extracted from exclusive semileptonic
events and from inclusive semileptonic events by 2.4�
and 1.6�, respectively. We also determine, separately for
the exclusive and inclusive |Vub| BABAR measurements,
90% C.L. exclusion regions in the parameter space of
the 2HDM - type II (mH+ , tan �), where mH+ is the
charged Higgs mass and tan� is the ratio of the vacuum
expectation values of the two Higgs doublets. We find
that, taking |Vub| from the exclusive measurement, most
of the parameters space is excluded at 90% C.L. Using
the higher value of |Vub| from the inclusive measurement,
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B → D(*)τν

• B → D(*) τν : WA is ~5 sigma from the SM!  
•Need differentials and more NP observables. 
   

But, large background (D*(**)lν, D*X)

Belle II
2022
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|Vub| (& |Vcb|)

v.a B ! ⇢ ` ⌫̄` : Motivation (1/2)

Albeit it’s success, the CKM picture also has some persistent tensions:

CKM Matrix element |Vub|: Measured via Semileptonic b ! u ` ⌫̄`

Inclusive |Vub|

Sum over all hadronic final
states Xu: ⇡, ⇢, ⌘, .., ⇡⇡, ⇢⇡, ...

Exclusive |Vub|

Use a single hadronic final state:
⇡, !, ⇢, ...

27M.Rotondo DESY

Inclusive – Exclusive difference

G. Ricciardi

Inclusive 

|V
u

b
| 

a
v

e
ra

g
e

s
 (

1
0

-3
)

Indirect
determination

● Long - standing puzzle

– Despite progresses from B-factories+Theory, the inclusive-exclusive 

discrepancy still present: Δ @ 2.5-3.0σ 

37 / 52

• Only Belle II can resolve |Vub/cb| exclusive/
inclusive puzzles (or → NP). Both 3 σ!


•→ Measure decay differentials to test 
models & hadronisation in inclusive.


• |Vub| @ 2-3% precision for all approaches!
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Specific Models: Right handed current Vub

The |Vub| saga continues... (?)

• Tensions among |V
ub

| measurements

Old story, still don’t know the resolution

• Too early to conclude:

– Inclusive measuerment can improve a lot

– Exclusive done better with full reco

– Will have more robust lattice QCD results

• A BSM possibility:

L = �
4G

Fp
2
V

L

ub

(ū�
µ

P

L

b+✏

R

ū�

µ

P

R

b)(⌫̄
`

�

µ

P

L

`)

Can we construct observables which give
“more vertical” constraints?

Decay |V
ub

| ⇥ 104 adm.
B ! ⇡ ` ⌫̄

`

3.23 ± 0.30 (1 + ✏

R

)

B ! X

u

` ⌫̄

`

4.39 ± 0.21
�
1 + ✏

2
R

�

B ! ⌧ ⌫̄

⌧

4.32 ± 0.42 (1 � ✏

R

)

Standard Model Æ

B Æ Xuln
B Æ tn
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B Æ rln
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HFAG
HFAG avg. wê Lattice
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• NB: Cleanest |V
ub

| I know, only isospin, B(B
u

! `⌫̄)/B(B
d

! µ

+
µ

�) — run LHCb @ 33 TeV
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Demo fit for Belle II

• VERY preliminary
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Left & Right-handed 
admixture of weak current

bilinear Q̄R�QR. If we consider operators with only two quark fields, and we ignore RH
neutrinos (assuming they are heavy), the list of relevant operators is quite small:

O(6)
R`1

= Q̄R�
µ⌧iQR L̄L�µ⌧

iLL ,

O(6)
Rh1

= iQ̄R�
µH†DµHQR , O(6)

Rh2
= iQ̄R�

µ⌧iQR Tr
⇣
H†DµH⌧ i

⌘
. (20)

Most important, all these operators are equivalent as far as the quark-lepton charged-current

interactions are concerned. In the case of O(6)
Rhi

we generate an e↵ective coupling of the RH
quark current to the W field after the breaking of the electroweak symmetry: integrating

out the W leads to a quark-lepton charged-current interaction identical to the one of O(6)
R`1

.
The resulting e↵ective quark-lepton charged-current interaction obtained integrating out

the W at the tree-level can be written as

Lc.c.
e↵ =

✓
� g2

2M2
W

+
cL
⇤2

◆
ūL�

µdL ¯̀
L�µ⌫L +

cR
⇤2

ūR�
µdR ¯̀

L�µ⌫L + h.c. . (21)

In the limit cL = cR = 0 we recover the usual SM result. The term proportional to cR is the
result of the new operators in Eq. (20): cR = �2(cRh1 + 2cRh2 � cR`1). For completeness, we
have also included a possible modification of the LH interaction, parametrized by cL. This
is naturally induced by operators obtained from Eq. (20) with QR ! QL.

In principle, charged-current interactions are potentially sensitive also to operators writ-
ten in terms of the bilinears in Eqs. (18)–(19). However, as long as we are interested in
processes where the up-type quarks are of the first two generations, these terms are safely
negligible, being suppressed by small Yukawa couplings.

Rotating the up-type fields to the mass-eigenstate basis by means of Eq. (10), and omit-
ting the prime indices for simplicity, we can finally write

Lc.c.
e↵ = �4GFp

2
ū�µ

h
(1 + ✏L)V PL + ✏R eV PR

i
d (¯̀L�µ⌫L) + h.c. (22)

where

PL =
1� �5

2
, PR =

1 + �5
2

, (23)

✏R = �cRv2

2⇤2
=

v2

⇤2
(cRh1 + 2cRh2 � cR`1) , ✏L = �cLv2

2⇤2
. (24)

4 Phenomenology of RH charged currents

In this section we analyse the phenomenology of RH charged currents. In particular, we
determine the present bounds on the RH mixing matrix eV , and we discuss the related impact
in the determination of the CKM matrix V , using the e↵ective Lagrangian Lc.c.

e↵ in Eq. (22).
Before starting the phenomenological analysis, we recall that QED and QCD respects

chiral symmetry. As a result, the two operators in Lc.c.
e↵ are not mixed by renormalization

group e↵ects and are multiplicatively renormalized in the same way. This implies that in most
cases we can incorporate radiative corrections in a straightforward way using SM results.
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admixture of weak current

bilinear Q̄R�QR. If we consider operators with only two quark fields, and we ignore RH
neutrinos (assuming they are heavy), the list of relevant operators is quite small:

O(6)
R`1

= Q̄R�
µ⌧iQR L̄L�µ⌧

iLL ,

O(6)
Rh1

= iQ̄R�
µH†DµHQR , O(6)

Rh2
= iQ̄R�

µ⌧iQR Tr
⇣
H†DµH⌧ i

⌘
. (20)

Most important, all these operators are equivalent as far as the quark-lepton charged-current

interactions are concerned. In the case of O(6)
Rhi

we generate an e↵ective coupling of the RH
quark current to the W field after the breaking of the electroweak symmetry: integrating

out the W leads to a quark-lepton charged-current interaction identical to the one of O(6)
R`1

.
The resulting e↵ective quark-lepton charged-current interaction obtained integrating out

the W at the tree-level can be written as

Lc.c.
e↵ =

✓
� g2

2M2
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+
cL
⇤2

◆
ūL�

µdL ¯̀
L�µ⌫L +

cR
⇤2

ūR�
µdR ¯̀

L�µ⌫L + h.c. . (21)

In the limit cL = cR = 0 we recover the usual SM result. The term proportional to cR is the
result of the new operators in Eq. (20): cR = �2(cRh1 + 2cRh2 � cR`1). For completeness, we
have also included a possible modification of the LH interaction, parametrized by cL. This
is naturally induced by operators obtained from Eq. (20) with QR ! QL.

In principle, charged-current interactions are potentially sensitive also to operators writ-
ten in terms of the bilinears in Eqs. (18)–(19). However, as long as we are interested in
processes where the up-type quarks are of the first two generations, these terms are safely
negligible, being suppressed by small Yukawa couplings.

Rotating the up-type fields to the mass-eigenstate basis by means of Eq. (10), and omit-
ting the prime indices for simplicity, we can finally write

Lc.c.
e↵ = �4GFp

2
ū�µ

h
(1 + ✏L)V PL + ✏R eV PR

i
d (¯̀L�µ⌫L) + h.c. (22)

where
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4 Phenomenology of RH charged currents

In this section we analyse the phenomenology of RH charged currents. In particular, we
determine the present bounds on the RH mixing matrix eV , and we discuss the related impact
in the determination of the CKM matrix V , using the e↵ective Lagrangian Lc.c.

e↵ in Eq. (22).
Before starting the phenomenological analysis, we recall that QED and QCD respects

chiral symmetry. As a result, the two operators in Lc.c.
e↵ are not mixed by renormalization

group e↵ects and are multiplicatively renormalized in the same way. This implies that in most
cases we can incorporate radiative corrections in a straightforward way using SM results.
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B→h
(*) ν ν

B
+ → K

+ ν ν
Nsig ∼ 100±30

scaling from new Belle result

evidence with 50 ab−1

(had.tag only )

Further improvements (→ Belle II)

KLM improvements

time information (ECL)

∘ full reconstruction: possible improvements (more modes , more inclusive)

software

∘ semi -leptonic tagging

29

Di-neutrino EWP decays

BF(B+→K+ ν ν)=(4.4±0.7)10-6
[Buchalla, NPPS 209, 137]

BF(B+→K*+ ν ν)=(6.8+1.0-1.1)10-6
[Altmannshofer, JHEP 0904, 022]

BR (B+→K+ ν ν) = (4.4± 0.7) × 10−6

[Buchalla , NPPS 209, 137]

BR (B+→K*+ ν ν) = (6.8 −1.1

+1.0 ) × 10−6

[Altmannshofer et al , JHEP 0904, 022]

improvements

∘ 535M BB → 772M BB
∘ reprocessed data with
improved tracking

∘ more efficient had. tag method
(probabilistic rec. of >1000 B decays)

∘ signal extraction via fit of EECL

[arXiv :1002.5012]

⇒ Sensitive to NP
(not affected by long distance effects from vector resonances)

B→h
(*) ν ν

possible contribution of the
NP right-handed currents: CR

ν

•Ultimate test of Belle II.  
Further improvements to 
consider: tag efficiency, Calo. 
timing, better KL ID. Nsig @ Belle II ~ 100±30

based on Belle 2013  
(had tag only)

Belle II projection 
Lint= 50ab-1

e.g. see Altmannshofer, Buras, & Straub

(Theoretical uncertainties)

•B→K* ν ν •B→K ν ν

•B→Xs ν ν •FL

10%. Such problems do not arise in the prediction of a global quantity as the branching
ratio.

Finally, we added all the individual uncertainties in quadrature.

3.2 Model-independent constraints on Wilson coe�cients

The four observables accessible in the three di↵erent b ! s⌫⌫̄ decays are dependent on the
two in principle complex Wilson coe�cients C⌫

L and C⌫
R. However, only two combinations

of these complex quantities enter the formulae given in section 2 and are thus observable.
These are [18, 14]

✏ =
p

|C⌫
L|2 + |C⌫

R|2
|(C⌫

L)SM| , ⌘ =
�Re (C⌫

LC⌫⇤
R )

|C⌫
L|2 + |C⌫

R|2 , (3.1)

such that ⌘ lies in the range [�1

2

, 1

2

]. The observables discussed in section 2 can be expressed
in terms of ✏ and ⌘ as follows

BR(B ! K⇤⌫⌫̄) = 6.8⇥ 10�6 (1 + 1.31 ⌘)✏2 , (3.2)

BR(B ! K⌫⌫̄) = 4.5⇥ 10�6 (1� 2 ⌘)✏2 , (3.3)

BR(B ! Xs⌫⌫̄) = 2.7⇥ 10�5 (1 + 0.09 ⌘)✏2 , (3.4)

hFLi = 0.54
(1 + 2 ⌘)

(1 + 1.31 ⌘)
. (3.5)

As ✏ and ⌘ can be calculated in any model by means of eq. (3.1), these four expressions
can be considered as fundamental formulae for any phenomenological analysis of the decays
in question. The experimental bounds on the branching ratios, cf. table 2, can then be
translated to excluded areas in the ✏-⌘-plane, see figure 2, where the SM corresponds to
(✏, ⌘) = (1, 0). We observe that the exclusive decays are presently more constraining than
the inclusive one.

Since the four observables depend on only two parameters, a measurement of all of
them would overconstrain the resulting (✏, ⌘) point. To illustrate the theoretical cleanliness
of the various observables, we show in figure 3 the combined constraints after hypothetical
measurements with infinite precision, first assuming the SM and then for a toy NP example.

A special role is played by the observable hFLi: since it only depends on ⌘, cf. eq.
(3.5), it leads to a horizontal line in the ✏-⌘ plane. Although a similar constraint could be
obtained by dividing two of the branching ratios to cancel the common factor of ✏2, the use
of hFLi is theoretically much cleaner since in this case, the hadronic uncertainties cancel,
while they would add up when using the branching ratios.

In the right-hand panel of figure 4, we show the value of hFLi as a function of ⌘.
Especially for negative ⌘, hFLi constitutes a very clean observable to probe the value of ⌘.

Another interesting point about FL is that, since it only depends on ⌘, the distribution
FL(sB) is universal for all models in which one of the Wilson coe�cients C⌫

L,R vanishes, such

– 9 –
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TABLE II. Fit results for the four q2 bins. For AFB, the first uncertainty is statistical and the second uncertainty is systematic.
AFB values predicted by the SM [4, 7] are also shown with systematic uncertainties. For the signal yields, only statistical
uncertainties are shown. The uncertainties of α and β are due to the statistical uncertainties of the MC.

1st bin 2nd bin 3rd bin 4th bin

q2 range [GeV2/c2]
(B → Xse

+e−)
[0.2,4.3]

[4.3,7.3] [10.5,11.8]
[14.3, 25.0]

(B → Xsµ
+µ−) [4.3,8.1] [10.2,12.5]

AFB 0.34 ± 0.24± 0.02 0.04 ± 0.31± 0.05 0.28 ± 0.21± 0.01 0.28 ± 0.15± 0.01
AFB (theory) −0.11± 0.03 0.13 ± 0.03 0.32 ± 0.04 0.40 ± 0.04

Nee
sig 45.6± 10.9 30.0± 9.2 25.0± 7.0 39.2± 9.6

Nµµ
sig 43.4± 9.2 23.9 ± 10.4 30.7± 9.9 62.8 ± 10.4
αee 1.289 ± 0.004 1.139 ± 0.003 1.063 ± 0.003 1.121 ± 0.003
αµµ 2.082 ± 0.010 1.375 ± 0.003 1.033 ± 0.003 1.082 ± 0.003
β 1.000 1.019 ± 0.003 1.003 ± 0.000 1.000
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FIG. 1. Mbc distributions for (a) B → Xse+e− candi-
dates with cos θ > 0, (b) B → Xse

+e− candidates with
cos θ < 0, (c) B → Xsµ

+µ− candidates with cos θ > 0, and
(d) B → Xsµ

+µ− candidates with cos θ < 0. The thicker
dashed curve (red) shows the sum of the signal and the self
cross-feed components. The thinner dashed curve (green)
shows the combinatorial background component. The filled
histogram (gray) shows the peaking background component.
The sums of all components are shown by the solid curve
(blue).

change in AFB is taken as the systematic uncertainty
for the varied parameter. Systematic uncertainties for
AFB are summarized in Table III. In the 1st and 3rd
q2 bins, the dominant systematic uncertainty arises from
the translation of Araw

FB to AFB with α and β. Even if
a MC sample with a different set of Wilson coefficients
produces the same values of AFB, the Araw

FB values and
hence the α coefficient may differ. It gives rise to an un-
certainty of the offset in the linear fit. To estimate this
uncertainty, the relation between Araw

FB and AFB are pro-
jected onto the axis perpendicular to the fitted linear line
and fitted by a Gaussian function. To estimate system-
atic uncertainties from the peaking background, the yield

of each such background is varied by its uncertainty. For
the charmonium peaking background, the yield is var-
ied by ±100%, conservatively, because it is determined
from MC events. A possible peaking background from
B → Knπℓν(n > 0), where one pion is misidentified as a
lepton and the missing neutrino is compensated by a pion
of the other B decay, is examined. The number of events
in the whole q2 region is estimated fromMC to be 0.2±0.6
(1.1±0.7) for electron (muon) channel, and the resulting
systematic error is O(0.001). To estimate the systematic
uncertainties from signal modeling, the related param-
eters are varied. The fraction of B → K(∗)ℓ+ℓ− and
non-resonant B → Xsℓ+ℓ− are varied within experimen-
tal uncertainties. The Fermi motion parameter is varied

]2/c2 [GeV2q
0 5 10 15 20

F
B

A

-1.0

-0.5

0.0

0.5

1.0

FIG. 2. Measured AFB as a function of q2. The curve
(black) with the band (red) and dashed boxes (black) rep-
resent the SM prediction while filled circles with error bars
show the fit results. The J/ψ and ψ(2S) veto regions are
shown as teal hatched regions. For the electron channel, the
pink shaded regions are added to the veto regions due to the
large bremsstrahlung effect. The uncertainty on the SM pre-
diction is estimated by varying the b-quark mass (4.80± 0.15
GeV/c2), the s-quark mass (0.20 ± 0.10 GeV/c2), and the
renormalization scale (µ = 2.5 and 5 GeV) [4, 7]. The lower
edge of the uncertainty is set to zero in the uncomputable
region.
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Leptonic EWP

1.Inclusive B→Xs l+ l-, l=e,µ 

• More precise theory. 


• Sum of exclusive hadronic final 
states (BF, ACP, AI , FL, AFB)


2.B→{K*,K} e+ e- 
• Lepton Universality.

• Photon Polarisation (low q2).


3.Third generation 
• B→Kττ <3x10-4 in 50/ab


• Bs→ττ <2x10-3 in 5/ab @ Y(5S)

Belle Prelim.
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arXiv: 1402.7134

AFB in B→Xs l+ l-
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CP Violation  
in B Decays

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

CKM elements
I Within the SM, CKM elements determined from a global fit that includes

meson mixing observables that might be affected by NP

I To identify NP in �Mq , determine CKM elements from tree-level
processes that are NP-insensitive
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UT 2014 Belle II
α 4o (WA) 1o

β 0.8o (WA) 0.2o
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UT angle γ: Trees

Least well measured mode:  
Based on Tree-Level B→DK  methods.

γ[BaBar] = (69 ± 17)° 
γ[Belle] = (68 ± 14)° 
γ[LHCb] = (69+11-13)° 
γ[combined] = (68.0+8.0-8.5)°
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,

e.g. GLW+ADS, DK, D*K, DK* 

• No model error, expt. stat. error dominates @ 50ab-1


• Combined with Dalitz, Gamma precision of 1.5o
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LHCb Run2

Belle II 50ab-1
LHCb Upgrade

Belle II - Competitive 

with LHCb upgrade
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UT angle β: Loops

• The B-factory golden mode stat. limited - then vertex resolution


• Improvements expected on both.  
σ(z) on Vertex: Belle~61µm ⇣ Belle II~18µm  

II. CPV IN B DECAYS, UNITARITY TRIANGLE (ANGLES)

A. sin 2� determination

Precise measurements of sin 2� will remain important at Belle II for two reasons: to check
the consistency of the Unitarity Triangle and for the search of new CP -violating phase in
b ! s transitions by testing the SM prediction sin 2�(b ! sq̄qmode) = sin 2�(J/ K0).
To evaluate the obtained precision of sin 2� with 5 ab�1 and 50 ab�1 Belle II data, we
extrapolate the recent result of Belle using the charmonium (cc)K0 modes [6], where K

0

denotes K

0

S

! ⇡

+

⇡

� and K

0

L

. The results are sin 2� = 0.667 ± 0.023 ± 0.012 and A =
0.006± 0.016± 0.012.

TABLE I: Systematic errors on S and A with the (cc)K0 modes with Belle 711 fb�1 data.

Source Irreducible Error on S Error on A
Vertexing X ±0.007 ±0.007

�t resolution ±0.007 ±0.001

Tag-side interference X ±0.001 ±0.008

Flavor tagging ±0.004 ±0.003

Possible fit bias ±0.004 ±0.005

Signal fraction ±0.004 ±0.002

Background �t PDFs ±0.001 < 0.001

Physics parameters ±0.001 < 0.001

Total ±0.012 ±0.012

The sources of systematics errors (summarized for the latest Belle publication in Table I)
include uncertainties in the vertex reconstruction, in the resolution function, in the e↵ect of
interference [41] in the tagging final state, in the flavor tagging, a possible bias in the fit,
the signal fraction estimation, in the background fractions and �t distributions and in the
physics parameters (�m

d

and ⌧
B

0). Uncertainty originating from the vertex reconstruction
algorithm is a significant part of the systematic error for both sin 2� and A. It includes
the systematic error due to the IP constraint (now dominant), the e↵ect of the criterion for
the selection of tracks used in the tag-side vertex, error due to SVD misalignment, bias in
�z measurement, cut on �t range (where the fit is performed). This vertex reconstruction
uncertainty has been reduced by almost a factor of two compared to the previous analysis [17]
by using a more appropriate goodness-of-fit parameter for the vertex-reconstruction. The
vertex resolution function is another major source for sin 2� systematic uncertainty. Some of
the uncertainties are evaluated from control samples, which have large but finite statistics,
and consequently will decrease as the luminosity will increase. In order to estimate the
expected systematic uncertainty at Belle II, we need to separate this reducible contribution
from the rest, which do not depend of the statistics of the control samples. Even if dedicated
studies and improvements will certainly reduce them further, we will conservatively assume
them to be irreducible in the extrapolation. The total irreducible systematic uncertainty
for sin 2� is then estimated to be 0.007, mostly related to the vertex reconstruction. The

6
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New sources of CPV: b → sqq 

+ New Physics 

   with New Phase

SM: b→s Penguin

 phase = (cc) K0-
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CP
V

Penguin β

!33

B

0 ! J/ K

0 decays. By using the identical procedure for both cases, the systematic
uncertainties in the di↵erence �S

�K

0 , �S
⌘

0
K

0 ... can be reduced.
RMK: Description of the Dalitz model error for K+

K

�
K

0

S

TABLE IV: Expected error for the three b ! sqq golden modes at 5 ab�1 and 50 ab�1.

Mode 5 ab�1 50 ab�1

�(S) �(A) �(S) �(A)

⌘0K0 0.028 0.020 0.011 0.009

�K0

S

0.053 0.070 0.018 0.023

K
S

K
S

K
S

0.101 0.064 0.033 0.021

RMK: ...to be completed...
Therefore, the systematic uncertainties on S and A due to these backgrounds are also

assumed to be reducible. As mentioned earlier, some of the systematic errors cancel when
we calculate �S and �A. For example, the e↵ect of the TSI that dominates the systematic
error for A cancels in�A

�K

0 since it causes a bias in the same direction for A
�K

0 and A
J/ K

0

measurements. Because the systematic bias from the TSI doesn’t cancel between A
K

0
SK

0
SK

0
S

and A
J/ K

0 , which have di↵erent CP contents, we use information from B

0 ! J/ K

0

L

decays to calculate �A
K

0
SK

0
SK

0
S
to reduce this uncertainty. Otherwise we use B

0 ! J/ K

0

to estimate �S and �A errors. Table IV provides the corresponding values to 5 ab�1 and
50 ab�1.

At Belle II, even a small deviation �S ⇠ 0.1 can be established with a 5� significance as
far as the statistical and systematic errors are concerned.

RMK: need to discuss the theoretical uncertainties with the SM

2. Other b ! sqq̄ modes

RMK: Here need to scale quickly and provide a simple figure

C. Mixing induced CP asymmetry in b ! s� and b ! d�

Mixing-induced CP asymmetry in an exclusive b ! s� into a CP eigenstate such as
K

⇤0(! K

0

S

⇡

0)� is an excellent probe for a particular class of NP scenarios. In the SM,
the expected asymmetry is 2(m

s

/m

b

) sin 2� [] because the two final states from B

0 and
B̄

0 decays have photons of di↵erent helicity (opposite helicity photon is suppressed by the
m

s

/m

b

factor) and do not mix. The existence of the neutrino mass suggests that the left-
right symmetry is restored at a higher energy, while parity is spontaneously broken at a low
energy. In left-right symmetric models, the helicity of the photon from b ! s� can be a
mixed state of two possible photon helicities, while the left-handed (right-handed) photon is
dominant for b ! s� (b̄ ! s̄�) in the SM. The expected size of the CP violation parameter
is up to 4% in the SM [], and therefore any large CP asymmetry is a sign of a sizable
non-SM right-handed current in the b ! s� transition. In the left-right symmetric models

9

Firm up SM upper bound on 
Sη′KS − SψKS , SφKS − SψKS , 
and Sπ0KS − SψKS – required
  

increasing tree diagram amplitude

1 with bs penguins

Δ S= Ssqq −Sccs
increasing NP sensitivity

Δ S≠ Δ SSM

NP in the loop may introduce
new source(s) of CPV

sin2ϕ1 = 0.667± 0.023± 0.012

A = 0.006± 0.016 ± 0.012

∘ World 's most precise measurement
∘ anchor point of the SM
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increasing NP sensitivity
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NP in the loop may introduce
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∘ World 's most precise measurement
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Penguin β
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increasing tree diagram amplitude

1 with bs penguins

Δ S= Ssqq −Sccs
increasing NP sensitivity

Δ S≠ Δ SSM
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Mixing induced CPV in Radiative Penguins
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Feb. 13,  2014 
New Physics Modes (b→s ℓ+ℓ− ,b→sJ) S. Nishida (KEK) KEK-FF2014 

16 

Photon Polarization 

• SM electroweak is purely left-handed. 
9Photon from bos(d)J is almost left-handed. 

• Right-handed current is a signature of NP 
9time-dependent CPV. 

1 

0.1 

'S
 

10 0.1 1 

'S(K*0J) = 0.027 @ 50 ab−1 

'S(U0J) = 0.075 @ 50 ab−1 

|S(K*0J)| < 0.02,  S(U0J) ~ 0  

B o K*J 

B o UJ 

Belle measurement 

50 

SM(K*0J) 

S
U

S
Y

 

mSUGRA 
SU(5)+QR 

(non-degenerate) U(2)FS 

Belle II 
detector 
(improved for 
Ks vertex) 

0 2 [TeV] 

0.2 

−0.2 
Luminosity [ab−1] 

In the SM, 

SM: • SM EW is purely L-handed.  

• γ from b→s(d)γ is almost L-handed.

• R-handed current is a signature of NP 

S=−2(ms/mb)sin(2φ1)∼−0.03 →0.5 in NP

Neutrals: B ! K ⇤(K 0
S⇡

0)� at B-factories

S = �0.16± 0.22 C = �0.04± 0.14

Measurements stat. limited
+

�(SK⇤�) ⇡ 0.09 @ 5 ab�1

⇡ 0.03 @ 50 ab�1 (⇠ SM prediction)

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 20 / 32
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Neutrals: t-dependent CP asymmetry in B ! K ⇤(K 0
S⇡

0)�

A(�t) = Ssin(�m�t) + Acos(�m�t)

Possible due to interference with mixing between dominant decay helicities

b ! s�L or b ! s�R

and suppressed decay helicities:

b ! s�R or b ! s�L

In SM one naively expects:

SK 0

S⇡
0� = �2

ms

mb
sin2�

1

⇠ �0.03

Sensitive to helicity-changing NP contributions.
Example: Left-Right symmetric model ! SK 0

S⇡
0� ⇠ 0.67 cos 2�

1

⇠ 0.5

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 19 / 32
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Error @ 50ab-1

Precise probes of CPV

Test flavour structure!

Generic NP Scenarios
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Direct CPV in Radiative B decays
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Introduction b ! (u, c)⌧⌫ b ! s(�, ``) b ! s⌫⌫̄ New physics in B decays

Combined constraints on the b ! s� penguin
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Constraints on CNP
7 (160 GeV) from

BR(B ! Xs�), ACP(B ! Xs�),
B ! K ⇤µµ, B ! Xsµµ

[Altmannshofer and DS

1206.0273, Altmannshofer and DS 1308.1501]

I B ! K ⇤µµ measurement has significantly constrained room for NP
(barring cancellation with other Wilson coefficients)

I Imaginary part (CP phase not aligned with SM) still not constrained well

David Straub (Universe Cluster) 12
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Belle

Introduction b ! (u, c)⌧⌫ b ! s(�, ``) b ! s⌫⌫̄ New physics in B decays

Effective Hamiltonian for NP in b ! s transitions

Heff = �4 GFp
2

e2

16⇡2 VtbV⇤
ts

X

i

CiOi + h.c.

Dipole operators

O(0)
7 =

mb

e
(s̄�µ⌫PR(L)b)F

µ⌫ O(0)
8 =

gsmb

e2
(s̄�µ⌫T aPR(L)b)G

µ⌫ a

Semileptonic operators

O(0)
9 = (s̄�µPL(R)b)(¯̀�

µ`) O(0)
10 = (s̄�µPL(R)b)(¯̀�

µ�5`)

OL,R = (s̄�µPL(R)bL,R)(⌫̄L�
µ⌫L)

Scalar operators

O(0)
S =

mb

mBs

(s̄PR(L)b)(¯̀̀ ) O(0)
P =

mb

mBs

(s̄PR(L)b)(¯̀�5`)

David Straub (Universe Cluster) 8
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Direct CPV in B→Kπ(K(0)π0)

• ACP in hadronic modes cannot be 
understood without complete 
isospin analyses.


• Sum rule approach needs neutrals
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B0→ K+π- 
 

 
B+→ K+π0 
 

38

Discrepancy in isospin sum rule may be 
significant with 10ab-1
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Direct CPV in B→Kπ(K(0)π0)

• ACP in hadronic modes cannot be 
understood without complete 
isospin analyses.


• Sum rule approach needs neutrals
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B0→ K+π- 
 

 
B+→ K+π0 
 

38

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

  (5.6σ difference from zero)  
A(K0π0) =   0.006± 0.06 (stat limited 
A(K0π+) =  -0.015± 0.019 
A(K+π0) =  0.040± 0.021 
A(K+π-) = -0.082± 0.006

Discrepancy in isospin sum rule may be 
significant with 10ab-1



Charm
Analogous tests for up type NP.
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=(−0.34 ± 0.15 ± 0.10 )%, π tagged  
=(+0.49 ± 0.30 ± 0.14)%, µ tagged  
=(+0.14±0.16(stat)±0.08(syst))% . SLB 

LHCb measures the diff. to cancel 
systematics.

Ch
ar

m
Direct CPV in Charm
CPV from Production+detection+physics

SM prediction unclear however. 
→Problems Analogous to DCPV 
in B system. 


requires ACP & measure of long 
distance effects. 
e.g. D→π0π0, π+π0, D→h+h−γ 

Using Belle(1 ab−1),σ(Aπ0π0)∼1% 
⇒ o(0.1%) at Belle II

Araw(f)=ACP(f)+AD(πs)+AP(D*+)
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Charm mixing and CPV in mixing
•Belle II good in ACP due to symmetric D-meson production; sensitivity 

would reach 0.03% level. (LHCb may provide competition, arXiv:1405.2797)

•Belle II competitive in x′2, y′ and yCP

Ch
ar

m

(x,y) = (0.8, 0.7)

(|q/p|,φ ) = (0.9, 0)
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Charm Recoil Techniques

•Many modes to explore, e.g.

•Ds→µν(@1%), τν(@3%) 

precision 
•D→νν: New scalars  

(e.g. Dark Matter).

•D→γγ: Expect to reach ~10-7   

(Measures long distance 
contributions to 2-µ mode.)

•Based on B-beam techniques.


•Powerful, precise tests of LQCD and NP in (semi)leptonics.

Charm tagging at B-factories

Reconstruction of charm hadron recoiling against D
tag

X

frag

in events of type:

e

+
e

� ! cc ! D

tag

X

frag

D

(⇤)
recoil

(Xfrag additional particles produced in fragmentation of cc)

Provides

knowledge of D
(⇤)
recoil

momentum

,! p

D
(⇤)
recoil

= pe+e� � pD
tag

� pX
frag

knowledge of decay products of D
(⇤)
recoil

,! all remaining tracks/energy deposits not associated to D

tag

or X
frag

A. Zupanc (KIT) Charm Tagging KEK-FF, 14/03/2013 3 / 27

)4/c2) (GeVµγfragXfragK
tag

(D2
missM

-0.2 0 0.2 0.4 0.6

 )4
/c2

Ev
en

ts
 / 

( 0
.0

1 
G

eV

0

20

40

60

)4/c2) (GeVµγfragXfragK
tag

(D2
missM

-0.2 0 0.2 0.4 0.6

Pu
ll

-5
0
5

Figure 5. The M2

miss

(D
tag

K
frag

X
frag

�µ) distribution of exclusively reconstructed D+

s ! µ+⌫µ
decays within the inclusive D+

s sample superimposed fit results (solid blue line). The solid green line
shows the contribution of signal, the red dashed line the contribution of combinatorial background,
while the contributions of D+

s ! ⌧+⌫⌧ and D+

s ! K0K+ or ⌘⇡+ decays are indicated by the full
blue and dark gray histograms, respectively.

M
miss

(D
tag

K
frag

X
frag

�) < 1.95 GeV/c2 sideband region. Free parameters of the fits are the
yield parameters of all but two spectral components; the D+

s ! ⌘⇡+ and D+

s ! K0K+

yields are constrained to the expected values based on their measured branching fractions
and MC-determined efficiencies.

The distribution of M
miss

(D
tag

K
frag

X
frag

�µ) with superimposed fit is shown in figure
5. The number of reconstructed D+

s ! µ+⌫µ decays is

N(D+

s ! µ+⌫µ) = 492± 26, (5.5)

where the error is statistical only.

5.5 D+
s ! ⌧+⌫⌧

The reconstruction of D+

s ! ⌧+⌫⌧ requires one charged track in the rest of the event that is
identified as an electron, muon or a pion (denoted as D+

s ! ⌧+(X+

)⌫⌧ where X+

= e+, µ+

or ⇡+) indicating the subsequent decay of the ⌧+ lepton to e+⌫e⌫⌧ , µ+⌫µ⌫⌧ or ⇡+⌫⌧ .5 Due
to the multiple neutrinos in the final state, these decays do not peak in the missing-mass-
squared distribution:

M2

miss

(D
tag

K
frag

X
frag

�X) = p2
miss

(D
tag

K
frag

X
frag

�X),

5
The three decay modes cover almost half of all possible tau decays.

– 17 –
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•Rare modes: ργ, Φγ → 1% (NP up to 10%)
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τ Lepton Flavour Violation: m→mGUT
LFV)in)τ)decays)

•  From)an)experimentalist’s)perspec:ve)
– No)SM)background)

3)

→)Any)signal)is)an)unambiguous)sign)of)New)
Physics)

Beyond)experimental)
sensi:vity)
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•LFV is a theoretically clean null test of the SM: BF~10-25


•2 / 3 lepton “mixing” types studied at Belle II. 
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Figure 2: A schematic illustration of the relation between F and MM in the seesaw limit mD ≪ MM .
Individual elements of the matrices F and MM can deviate considerably from this if there are
cancellations in (13). Plot taken from [26].

Obviously, the elements νi are active neutrinos and the NI sterile neutrinos. The mass and kinetic
terms then can be combined as

1

2
N̄(i̸∂ −Mdiag

N )N +
1

2
ν̄(i̸∂ −mdiag

ν )ν (23)

Up to the normalization, this looks like the Lagrangian for a Dirac field, but one has to keep in
mind the Majorana conditions NI = N c

I , νi = ν
c
i .

3 Other laboratory experiments

The production and study of NI particles in the laboratory is in principle possible if MI is below
the electroweak scale. At energies ≪ MI , the NI only leave indirect traces in the laboratory.
They manifest as higher dimensional operators [73], such as the mass term (9). These can lead
to deviations from SM predictions in different observables, such as lepton number violation or
β-decays. These signatures provide valuable information, but are usually not specific to RH
neutrinos. Here we list a number of experimental setups that can constrain the properties of NI .
So far almost all but those in section 3.1 have reported negative results, i.e. only allow to exclude
certain parameter regions.

3.1 Neutrino oscillation anomalies

Accelerator experiments - Some short baseline and reactor neutrino experiments have re-
ported deviations (ii) from the SS. A more detailed review of these results can found in [74],
which we follow closely here. The most prominent findings come from the LNSD experiment

12

mνij ∝ (cij/MN) < 0.1 eV



May 2014,  Capri Flavour W/S Phillip URQUIJO 45

LFV decays

• Up to 50x improvement: very clean! 


• LHC not so competitive- trigger and 
track pT limiting (even µµµ).


• CPV in τ: comparable limits on NP.

Ta
u 

LF
V

2014 BPAC Phillip URQUIJO

LFV decays
•2 orders of magnitude improvement. 

•Hadron machines not competitive- trigger and track pT limiting (even 

µµµ).

!44
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VI. LFV ⌧ DECAYS

Lepton Flavor Violation (LFV) is highly suppressed in the SM, LFV ⌧ decays are then
clean and ambiguous probes for NP e↵ects. Belle II can experimentally access ⌧ LFV decay
rates over 100 times smaller than Belle for the cleanest channels (as ⌧ ! 3l) and over
10 times smaller for other modes as ⌧ ! l� that have irreducible backgrounds.

Results for ⌧ ! µµµ: 4.5⇥ 10�9 and 9.1⇥ 10�10
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Fig. 2. Scatter-plots in the M3ℓ – ∆E plane, showing the ±20σ area for (a)
τ− → e−e+e−, (b) τ− → µ−µ+µ−, (c) τ− → e−µ+µ−, (d) τ− → µ−e+e−, (e)
τ− → e+µ−µ− and (f) τ− → µ+e−e−. The data are indicated by the solid circles.
The filled boxes show the MC signal distribution with arbitrary normalization. The
elliptical signal regions shown by the solid curves are used for evaluating the signal
yield. The region between the horizontal solid lines excluding the signal region is
used to estimate the background expected in the elliptical region.

obtained by the POLE program without conditioning [29] with the number of
expected background events, the number of observed events and the systematic

10

Belle 782 fb-1 
PLB687:139-143,2010
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• May not have full PID. B physics requires PID more than other topics.  
Considering alternatives to Y(4S) for the first run, Maybe few hundred fb-1.


• Y(2S): dark forces, light Higgs


• Y(3S): conventional bottomonium


• Scan around Υ(5S) and b quark mass determination


• Y(6S): bottomonium, rB scan

Y(
nS

) Y
ie

ld

First year Physics Plan (2016-2017)
be

yo
nd

 Y
(4

S)

Early impact with 
unique data-sets

(ideas welcome)
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Dark Sector (Aside)
Dark photon A’, motivated 
be in MeV – GeV mass 

1.Probe leptonicaly decaying 
dark photons through mixing

2. Probe sub-GeV dark matter 
in invisible decays

2014 BPAC Phillip URQUIJO

Dark Forces near Y(2S) or Y(3S)

!14

•Outstanding concern: 
Trigger: not redundant!

•Low-Mass Higgs (NMSSM models with light 
CP-odd Higgs) 

•Dark Forces (R. Essig @ Nov. B2GM)

Radiative decays of Υ(2S, 3S)

A0→μ+μ− , [BaBar , PRL 103 (2009) 081803]

A
0→τ+ τ−

, [BaBar , PRL 103 (2009) 081801]
A

0→hadrons , [BaBar , PRL 107 (2011) 221803]

A0→ invisible, [BaBar , PRL 107 (2011) 021804 ]
A

0 →μ+μ−
, [BaBar , PRD 87 (2013) 031102 ]

A
0→τ+ τ−

, [BaBar , PRD 88 (2013) 071102]

Υ (2S, 3S) analyses
Radiative decays of Υ (1S)

[BaBar , PRD 87 (2013) 031102]

m
A
0 (GeV /c2 )

A
0 → μ+μ−

[BaBar , PRD 88 (2013) 071102 ] A
0 → τ+ τ−

⇒ loss of stat from secondary branching fraction , but still competitive because of the continuum
suppression from the dipion tagging

[*]
[*]

[*]
[*]

[*] preliminary results from Belle using Υ(2S) sample

DF in e
+
e

−
collisions (R.Essig , B2GM) and also arXiv :1309.5084

actually it doesn't have to be at Υ(nS) !!

(also A '→ μ+μ−)

σ ∝ ϵ2

E
cm

2

DM searches
Fir

st
 p

hy
sic

s
On-shell A′ w/ decays to any invisible state(s)
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mA' @GeVD

e

Hidden Photon Æ invisible HmA' > 2 mcL

am, 5s
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BaBar
Improved

Belle II

DarkLight

ô

VEPP-3
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E787, E949

ôô

KÆpA'
ORKA

RE, Mardon, Papucci, Volansky, Zhong

be
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nd
 Y

(4
S)

Radiative decays of Y(2S), Y(3S)

R. Essig
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Summary

• Rich physics program at SuperKEKB/BelleII (mostly complementary to LHCb)


• Extended Higgs sectors


• New sources of CPV 


• Lepton Flavour Violation


• Precision CKM


• Dark Sectors


• QCD exotics


• Belle II full physics program to start in 2017! precision 10-100 times better 
than B-factories! 

Su
m

m
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Supplementary 
material



May 2014,  Capri Flavour W/S Phillip URQUIJO 51

Belle II Theory Interface Platform
https://belle2.cc.kek.jp/~twiki/bin/view/Public/B2TIP
Inviting Theorist Participation: Kickoff in June, 1st Workshop in Nov.
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https://belle2.cc.kek.jp/~twiki/bin/view/Public/B2TIP
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(Semi)Leptonic, EWP & Radiative
Su

m
m
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y

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% 3%
B(B ! µ⌫) [10�6] < 1.7 [67] 20% 7%
R(B ! D⌧⌫) 0.440(1 ± 16.5%) [29]† 5.2% 2.5%
R(B ! D

⇤
⌧⌫)† 0.332(1 ± 9.0%) [29]† 2.9% 1.6%

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]‡ �
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Table 16 Statistical sensitivities of the LHCb upgrade to key observ-
ables. For each observable the current sensitivity is compared to that
which will be achieved by LHCb before the upgrade, and that which
will be achieved with 50 fb−1 by the upgraded experiment. Systematic

uncertainties are expected to be non-negligible for the most precisely

measured quantities. Note that the current sensitivities do not include

new results presented at ICHEP 2012 or CKM2012

Type Observable Current precision LHCb 2018 Upgrade
(50 fb−1)

Theory
uncertainty

B0
s mixing 2βs (B

0
s → J/ψφ) 0.10 [139] 0.025 0.008 ∼0.003

2βs (B
0
s → J/ψf0(980)) 0.17 [219] 0.045 0.014 ∼0.01

as
sl 6.4 × 10−3 [44] 0.6 × 10−3 0.2 × 10−3 0.03 × 10−3

Gluonic penguins 2βeff
s (B0

s → φφ) – 0.17 0.03 0.02

2βeff
s (B0

s → K∗0K
∗0

) – 0.13 0.02 < 0.02

2βeff(B0 → φK0
S) 0.17 [44] 0.30 0.05 0.02

Right-handed currents 2βeff
s (B0

s → φγ ) – 0.09 0.02 <0.01

τ eff(B0
s → φγ )/τB0

s
– 5 % 1 % 0.2 %

Electroweak penguins S3(B
0 → K∗0µ+µ−;1 < q2 < 6 GeV2/c4) 0.08 [68] 0.025 0.008 0.02

s0AFB(B0 → K∗0µ+µ−) 25 % [68] 6 % 2 % 7 %

AI(Kµ+µ−;1 < q2 < 6 GeV2/c4) 0.25 [77] 0.08 0.025 ∼0.02

B(B+ → π+µ+µ−)/B(B+ → K+µ+µ−) 25 % [86] 8 % 2.5 % ∼10 %

Higgs penguins B(B0
s → µ+µ−) 1.5 × 10−9 [13] 0.5 × 10−9 0.15 × 10−9 0.3 × 10−9

B(B0 → µ+µ−)/B(B0
s → µ+µ−) – ∼100 % ∼35 % ∼5 %

Unitarity triangle angles γ (B → D(∗)K(∗)) ∼10–12◦ [252, 266] 4◦ 0.9◦ negligible

γ (B0
s → DsK) – 11◦ 2.0◦ negligible

β(B0 → J/ψK0
S) 0.8◦ [44] 0.6◦ 0.2◦ negligible

Charm CP violation AΓ 2.3 × 10−3 [44] 0.40 × 10−3 0.07 × 10−3 –

(ACP 2.1 × 10−3 [18] 0.65 × 10−3 0.12 × 10−3 –

necessary for other triggers, reducing the efficiency for the
relevant channels by a factor of 2 at

√
s = 14 TeV.

In LHCb measurements to date, the CP-violating phase
in B0

s mixing, measured in both J/ψφ and J/ψf0(980) fi-
nal states, has been denoted φs . In the upgrade era it will
be necessary to remove some of the assumptions that have
been made in the analyses to date, related to possible pen-
guin amplitude contributions, and therefore the observables
in b → cc̄s transitions are denoted by 2βs = −φs , while
in b → qq̄s (q = u,d, s) transitions the notation 2βeff

s is
used. This parallels the established notation used in the B0

system (the α,β,γ convention for the CKM unitarity tri-
angle angles is used). The penguin contributions are ex-
pected to be small, and therefore a theory uncertainty on
2βs(B

0
s → J/ψφ) ∼ 0.003 is quoted, comparable to the

theory uncertainty on 2β(B0 → J/ψK0
S). However, larger

effects cannot be ruled out at present. Data-driven meth-
ods to determine the penguin amplitudes are also possible
[246, 277, 284]: at present these given much larger estimates
of the uncertainty, but improvement can be anticipated with
increasing data samples. The flavour-specific asymmetry in
the B0

s system, as
sl in Table 16, probes CP violation in mix-

ing. The “sl” subscript is used because the measurement
uses semileptonic decays.

Sensitivity to the emitted photon polarisation is encoded
in the effective lifetime, τ eff of B0

s → φγ decays, together
with the effective CP-violation parameter 2βeff

s . Two of the
most interesting of the full set of angular observables in
B0 → K∗0µ+µ− decays [62], are S3, which is related to
the transverse polarisation asymmetry [63], and the zero-
crossing point (s0) of the forward–backward asymmetry. As
discussed above, isospin asymmetries, denoted AI , are also
of great interest.

In the charm sector, it is important to improve the preci-
sion of (ACP, described above, and related measurements
of direct CP violation. One of the key observables related
to indirect CP violation is the difference in inverse effective
lifetimes of D0 → K+K− and D0 → K+K− decays, AΓ .

The extrapolations in Table 16 assume the central val-
ues of the current measurements, or the SM where no mea-
surement is available. While the sensitivities given include
statistical uncertainties only, preliminary studies of system-
atic effects suggest that these will not affect the conclu-
sions significantly, except in the most precise measurements,

LHCb 
(upgrade)
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Table 16 Statistical sensitivities of the LHCb upgrade to key observ-
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measured quantities. Note that the current sensitivities do not include
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Charm CP violation AΓ 2.3 × 10−3 [44] 0.40 × 10−3 0.07 × 10−3 –

(ACP 2.1 × 10−3 [18] 0.65 × 10−3 0.12 × 10−3 –

necessary for other triggers, reducing the efficiency for the
relevant channels by a factor of 2 at

√
s = 14 TeV.

In LHCb measurements to date, the CP-violating phase
in B0

s mixing, measured in both J/ψφ and J/ψf0(980) fi-
nal states, has been denoted φs . In the upgrade era it will
be necessary to remove some of the assumptions that have
been made in the analyses to date, related to possible pen-
guin amplitude contributions, and therefore the observables
in b → cc̄s transitions are denoted by 2βs = −φs , while
in b → qq̄s (q = u,d, s) transitions the notation 2βeff

s is
used. This parallels the established notation used in the B0

system (the α,β,γ convention for the CKM unitarity tri-
angle angles is used). The penguin contributions are ex-
pected to be small, and therefore a theory uncertainty on
2βs(B

0
s → J/ψφ) ∼ 0.003 is quoted, comparable to the

theory uncertainty on 2β(B0 → J/ψK0
S). However, larger

effects cannot be ruled out at present. Data-driven meth-
ods to determine the penguin amplitudes are also possible
[246, 277, 284]: at present these given much larger estimates
of the uncertainty, but improvement can be anticipated with
increasing data samples. The flavour-specific asymmetry in
the B0

s system, as
sl in Table 16, probes CP violation in mix-

ing. The “sl” subscript is used because the measurement
uses semileptonic decays.

Sensitivity to the emitted photon polarisation is encoded
in the effective lifetime, τ eff of B0

s → φγ decays, together
with the effective CP-violation parameter 2βeff

s . Two of the
most interesting of the full set of angular observables in
B0 → K∗0µ+µ− decays [62], are S3, which is related to
the transverse polarisation asymmetry [63], and the zero-
crossing point (s0) of the forward–backward asymmetry. As
discussed above, isospin asymmetries, denoted AI , are also
of great interest.

In the charm sector, it is important to improve the preci-
sion of (ACP, described above, and related measurements
of direct CP violation. One of the key observables related
to indirect CP violation is the difference in inverse effective
lifetimes of D0 → K+K− and D0 → K+K− decays, AΓ .

The extrapolations in Table 16 assume the central val-
ues of the current measurements, or the SM where no mea-
surement is available. While the sensitivities given include
statistical uncertainties only, preliminary studies of system-
atic effects suggest that these will not affect the conclu-
sions significantly, except in the most precise measurements,
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Table 16 Statistical sensitivities of the LHCb upgrade to key observ-
ables. For each observable the current sensitivity is compared to that
which will be achieved by LHCb before the upgrade, and that which
will be achieved with 50 fb−1 by the upgraded experiment. Systematic

uncertainties are expected to be non-negligible for the most precisely

measured quantities. Note that the current sensitivities do not include

new results presented at ICHEP 2012 or CKM2012

Type Observable Current precision LHCb 2018 Upgrade
(50 fb−1)

Theory
uncertainty

B0
s mixing 2βs (B

0
s → J/ψφ) 0.10 [139] 0.025 0.008 ∼0.003

2βs (B
0
s → J/ψf0(980)) 0.17 [219] 0.045 0.014 ∼0.01

as
sl 6.4 × 10−3 [44] 0.6 × 10−3 0.2 × 10−3 0.03 × 10−3

Gluonic penguins 2βeff
s (B0

s → φφ) – 0.17 0.03 0.02

2βeff
s (B0

s → K∗0K
∗0

) – 0.13 0.02 < 0.02

2βeff(B0 → φK0
S) 0.17 [44] 0.30 0.05 0.02

Right-handed currents 2βeff
s (B0

s → φγ ) – 0.09 0.02 <0.01

τ eff(B0
s → φγ )/τB0

s
– 5 % 1 % 0.2 %

Electroweak penguins S3(B
0 → K∗0µ+µ−;1 < q2 < 6 GeV2/c4) 0.08 [68] 0.025 0.008 0.02

s0AFB(B0 → K∗0µ+µ−) 25 % [68] 6 % 2 % 7 %

AI(Kµ+µ−;1 < q2 < 6 GeV2/c4) 0.25 [77] 0.08 0.025 ∼0.02

B(B+ → π+µ+µ−)/B(B+ → K+µ+µ−) 25 % [86] 8 % 2.5 % ∼10 %

Higgs penguins B(B0
s → µ+µ−) 1.5 × 10−9 [13] 0.5 × 10−9 0.15 × 10−9 0.3 × 10−9

B(B0 → µ+µ−)/B(B0
s → µ+µ−) – ∼100 % ∼35 % ∼5 %

Unitarity triangle angles γ (B → D(∗)K(∗)) ∼10–12◦ [252, 266] 4◦ 0.9◦ negligible

γ (B0
s → DsK) – 11◦ 2.0◦ negligible

β(B0 → J/ψK0
S) 0.8◦ [44] 0.6◦ 0.2◦ negligible

Charm CP violation AΓ 2.3 × 10−3 [44] 0.40 × 10−3 0.07 × 10−3 –

(ACP 2.1 × 10−3 [18] 0.65 × 10−3 0.12 × 10−3 –

necessary for other triggers, reducing the efficiency for the
relevant channels by a factor of 2 at

√
s = 14 TeV.

In LHCb measurements to date, the CP-violating phase
in B0

s mixing, measured in both J/ψφ and J/ψf0(980) fi-
nal states, has been denoted φs . In the upgrade era it will
be necessary to remove some of the assumptions that have
been made in the analyses to date, related to possible pen-
guin amplitude contributions, and therefore the observables
in b → cc̄s transitions are denoted by 2βs = −φs , while
in b → qq̄s (q = u,d, s) transitions the notation 2βeff

s is
used. This parallels the established notation used in the B0

system (the α,β,γ convention for the CKM unitarity tri-
angle angles is used). The penguin contributions are ex-
pected to be small, and therefore a theory uncertainty on
2βs(B

0
s → J/ψφ) ∼ 0.003 is quoted, comparable to the

theory uncertainty on 2β(B0 → J/ψK0
S). However, larger

effects cannot be ruled out at present. Data-driven meth-
ods to determine the penguin amplitudes are also possible
[246, 277, 284]: at present these given much larger estimates
of the uncertainty, but improvement can be anticipated with
increasing data samples. The flavour-specific asymmetry in
the B0

s system, as
sl in Table 16, probes CP violation in mix-

ing. The “sl” subscript is used because the measurement
uses semileptonic decays.

Sensitivity to the emitted photon polarisation is encoded
in the effective lifetime, τ eff of B0

s → φγ decays, together
with the effective CP-violation parameter 2βeff

s . Two of the
most interesting of the full set of angular observables in
B0 → K∗0µ+µ− decays [62], are S3, which is related to
the transverse polarisation asymmetry [63], and the zero-
crossing point (s0) of the forward–backward asymmetry. As
discussed above, isospin asymmetries, denoted AI , are also
of great interest.

In the charm sector, it is important to improve the preci-
sion of (ACP, described above, and related measurements
of direct CP violation. One of the key observables related
to indirect CP violation is the difference in inverse effective
lifetimes of D0 → K+K− and D0 → K+K− decays, AΓ .

The extrapolations in Table 16 assume the central val-
ues of the current measurements, or the SM where no mea-
surement is available. While the sensitivities given include
statistical uncertainties only, preliminary studies of system-
atic effects suggest that these will not affect the conclu-
sions significantly, except in the most precise measurements,
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Table 16 Statistical sensitivities of the LHCb upgrade to key observ-
ables. For each observable the current sensitivity is compared to that
which will be achieved by LHCb before the upgrade, and that which
will be achieved with 50 fb−1 by the upgraded experiment. Systematic

uncertainties are expected to be non-negligible for the most precisely

measured quantities. Note that the current sensitivities do not include

new results presented at ICHEP 2012 or CKM2012

Type Observable Current precision LHCb 2018 Upgrade
(50 fb−1)

Theory
uncertainty

B0
s mixing 2βs (B

0
s → J/ψφ) 0.10 [139] 0.025 0.008 ∼0.003

2βs (B
0
s → J/ψf0(980)) 0.17 [219] 0.045 0.014 ∼0.01

as
sl 6.4 × 10−3 [44] 0.6 × 10−3 0.2 × 10−3 0.03 × 10−3

Gluonic penguins 2βeff
s (B0

s → φφ) – 0.17 0.03 0.02

2βeff
s (B0

s → K∗0K
∗0

) – 0.13 0.02 < 0.02

2βeff(B0 → φK0
S) 0.17 [44] 0.30 0.05 0.02

Right-handed currents 2βeff
s (B0

s → φγ ) – 0.09 0.02 <0.01

τ eff(B0
s → φγ )/τB0

s
– 5 % 1 % 0.2 %

Electroweak penguins S3(B
0 → K∗0µ+µ−;1 < q2 < 6 GeV2/c4) 0.08 [68] 0.025 0.008 0.02

s0AFB(B0 → K∗0µ+µ−) 25 % [68] 6 % 2 % 7 %

AI(Kµ+µ−;1 < q2 < 6 GeV2/c4) 0.25 [77] 0.08 0.025 ∼0.02

B(B+ → π+µ+µ−)/B(B+ → K+µ+µ−) 25 % [86] 8 % 2.5 % ∼10 %

Higgs penguins B(B0
s → µ+µ−) 1.5 × 10−9 [13] 0.5 × 10−9 0.15 × 10−9 0.3 × 10−9

B(B0 → µ+µ−)/B(B0
s → µ+µ−) – ∼100 % ∼35 % ∼5 %

Unitarity triangle angles γ (B → D(∗)K(∗)) ∼10–12◦ [252, 266] 4◦ 0.9◦ negligible

γ (B0
s → DsK) – 11◦ 2.0◦ negligible

β(B0 → J/ψK0
S) 0.8◦ [44] 0.6◦ 0.2◦ negligible

Charm CP violation AΓ 2.3 × 10−3 [44] 0.40 × 10−3 0.07 × 10−3 –

(ACP 2.1 × 10−3 [18] 0.65 × 10−3 0.12 × 10−3 –

necessary for other triggers, reducing the efficiency for the
relevant channels by a factor of 2 at

√
s = 14 TeV.

In LHCb measurements to date, the CP-violating phase
in B0

s mixing, measured in both J/ψφ and J/ψf0(980) fi-
nal states, has been denoted φs . In the upgrade era it will
be necessary to remove some of the assumptions that have
been made in the analyses to date, related to possible pen-
guin amplitude contributions, and therefore the observables
in b → cc̄s transitions are denoted by 2βs = −φs , while
in b → qq̄s (q = u,d, s) transitions the notation 2βeff

s is
used. This parallels the established notation used in the B0

system (the α,β,γ convention for the CKM unitarity tri-
angle angles is used). The penguin contributions are ex-
pected to be small, and therefore a theory uncertainty on
2βs(B

0
s → J/ψφ) ∼ 0.003 is quoted, comparable to the

theory uncertainty on 2β(B0 → J/ψK0
S). However, larger

effects cannot be ruled out at present. Data-driven meth-
ods to determine the penguin amplitudes are also possible
[246, 277, 284]: at present these given much larger estimates
of the uncertainty, but improvement can be anticipated with
increasing data samples. The flavour-specific asymmetry in
the B0

s system, as
sl in Table 16, probes CP violation in mix-

ing. The “sl” subscript is used because the measurement
uses semileptonic decays.

Sensitivity to the emitted photon polarisation is encoded
in the effective lifetime, τ eff of B0

s → φγ decays, together
with the effective CP-violation parameter 2βeff

s . Two of the
most interesting of the full set of angular observables in
B0 → K∗0µ+µ− decays [62], are S3, which is related to
the transverse polarisation asymmetry [63], and the zero-
crossing point (s0) of the forward–backward asymmetry. As
discussed above, isospin asymmetries, denoted AI , are also
of great interest.

In the charm sector, it is important to improve the preci-
sion of (ACP, described above, and related measurements
of direct CP violation. One of the key observables related
to indirect CP violation is the difference in inverse effective
lifetimes of D0 → K+K− and D0 → K+K− decays, AΓ .

The extrapolations in Table 16 assume the central val-
ues of the current measurements, or the SM where no mea-
surement is available. While the sensitivities given include
statistical uncertainties only, preliminary studies of system-
atic effects suggest that these will not affect the conclu-
sions significantly, except in the most precise measurements,

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% 3%
B(B ! µ⌫) [10�6] < 1.7 [67] 20% 7%
R(B ! D⌧⌫) 0.440(1 ± 16.5%) [29]† 5.2% 2.5%
R(B ! D

⇤
⌧⌫)† 0.332(1 ± 9.0%) [29]† 2.9% 1.6%

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]‡ �
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Charm and Tau

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% 3.6%
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] < 4.6 < 0.5
⌧ ! e� [10�9] < 120 [71] < 12 < 1.2
⌧ ! µµµ [10�9] < 21.0 [72] < 4.5 < 0.5
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Table 16 Statistical sensitivities of the LHCb upgrade to key observ-
ables. For each observable the current sensitivity is compared to that
which will be achieved by LHCb before the upgrade, and that which
will be achieved with 50 fb−1 by the upgraded experiment. Systematic

uncertainties are expected to be non-negligible for the most precisely

measured quantities. Note that the current sensitivities do not include

new results presented at ICHEP 2012 or CKM2012

Type Observable Current precision LHCb 2018 Upgrade
(50 fb−1)

Theory
uncertainty

B0
s mixing 2βs (B

0
s → J/ψφ) 0.10 [139] 0.025 0.008 ∼0.003

2βs (B
0
s → J/ψf0(980)) 0.17 [219] 0.045 0.014 ∼0.01

as
sl 6.4 × 10−3 [44] 0.6 × 10−3 0.2 × 10−3 0.03 × 10−3

Gluonic penguins 2βeff
s (B0

s → φφ) – 0.17 0.03 0.02

2βeff
s (B0

s → K∗0K
∗0

) – 0.13 0.02 < 0.02

2βeff(B0 → φK0
S) 0.17 [44] 0.30 0.05 0.02

Right-handed currents 2βeff
s (B0

s → φγ ) – 0.09 0.02 <0.01

τ eff(B0
s → φγ )/τB0

s
– 5 % 1 % 0.2 %

Electroweak penguins S3(B
0 → K∗0µ+µ−;1 < q2 < 6 GeV2/c4) 0.08 [68] 0.025 0.008 0.02

s0AFB(B0 → K∗0µ+µ−) 25 % [68] 6 % 2 % 7 %

AI(Kµ+µ−;1 < q2 < 6 GeV2/c4) 0.25 [77] 0.08 0.025 ∼0.02

B(B+ → π+µ+µ−)/B(B+ → K+µ+µ−) 25 % [86] 8 % 2.5 % ∼10 %

Higgs penguins B(B0
s → µ+µ−) 1.5 × 10−9 [13] 0.5 × 10−9 0.15 × 10−9 0.3 × 10−9

B(B0 → µ+µ−)/B(B0
s → µ+µ−) – ∼100 % ∼35 % ∼5 %

Unitarity triangle angles γ (B → D(∗)K(∗)) ∼10–12◦ [252, 266] 4◦ 0.9◦ negligible

γ (B0
s → DsK) – 11◦ 2.0◦ negligible

β(B0 → J/ψK0
S) 0.8◦ [44] 0.6◦ 0.2◦ negligible

Charm CP violation AΓ 2.3 × 10−3 [44] 0.40 × 10−3 0.07 × 10−3 –

(ACP 2.1 × 10−3 [18] 0.65 × 10−3 0.12 × 10−3 –

necessary for other triggers, reducing the efficiency for the
relevant channels by a factor of 2 at

√
s = 14 TeV.

In LHCb measurements to date, the CP-violating phase
in B0

s mixing, measured in both J/ψφ and J/ψf0(980) fi-
nal states, has been denoted φs . In the upgrade era it will
be necessary to remove some of the assumptions that have
been made in the analyses to date, related to possible pen-
guin amplitude contributions, and therefore the observables
in b → cc̄s transitions are denoted by 2βs = −φs , while
in b → qq̄s (q = u,d, s) transitions the notation 2βeff

s is
used. This parallels the established notation used in the B0

system (the α,β,γ convention for the CKM unitarity tri-
angle angles is used). The penguin contributions are ex-
pected to be small, and therefore a theory uncertainty on
2βs(B

0
s → J/ψφ) ∼ 0.003 is quoted, comparable to the

theory uncertainty on 2β(B0 → J/ψK0
S). However, larger

effects cannot be ruled out at present. Data-driven meth-
ods to determine the penguin amplitudes are also possible
[246, 277, 284]: at present these given much larger estimates
of the uncertainty, but improvement can be anticipated with
increasing data samples. The flavour-specific asymmetry in
the B0

s system, as
sl in Table 16, probes CP violation in mix-

ing. The “sl” subscript is used because the measurement
uses semileptonic decays.

Sensitivity to the emitted photon polarisation is encoded
in the effective lifetime, τ eff of B0

s → φγ decays, together
with the effective CP-violation parameter 2βeff

s . Two of the
most interesting of the full set of angular observables in
B0 → K∗0µ+µ− decays [62], are S3, which is related to
the transverse polarisation asymmetry [63], and the zero-
crossing point (s0) of the forward–backward asymmetry. As
discussed above, isospin asymmetries, denoted AI , are also
of great interest.

In the charm sector, it is important to improve the preci-
sion of (ACP, described above, and related measurements
of direct CP violation. One of the key observables related
to indirect CP violation is the difference in inverse effective
lifetimes of D0 → K+K− and D0 → K+K− decays, AΓ .

The extrapolations in Table 16 assume the central val-
ues of the current measurements, or the SM where no mea-
surement is available. While the sensitivities given include
statistical uncertainties only, preliminary studies of system-
atic effects suggest that these will not affect the conclu-
sions significantly, except in the most precise measurements,
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Table 16 Statistical sensitivities of the LHCb upgrade to key observ-
ables. For each observable the current sensitivity is compared to that
which will be achieved by LHCb before the upgrade, and that which
will be achieved with 50 fb−1 by the upgraded experiment. Systematic

uncertainties are expected to be non-negligible for the most precisely

measured quantities. Note that the current sensitivities do not include

new results presented at ICHEP 2012 or CKM2012

Type Observable Current precision LHCb 2018 Upgrade
(50 fb−1)

Theory
uncertainty

B0
s mixing 2βs (B

0
s → J/ψφ) 0.10 [139] 0.025 0.008 ∼0.003

2βs (B
0
s → J/ψf0(980)) 0.17 [219] 0.045 0.014 ∼0.01

as
sl 6.4 × 10−3 [44] 0.6 × 10−3 0.2 × 10−3 0.03 × 10−3

Gluonic penguins 2βeff
s (B0

s → φφ) – 0.17 0.03 0.02

2βeff
s (B0

s → K∗0K
∗0

) – 0.13 0.02 < 0.02

2βeff(B0 → φK0
S) 0.17 [44] 0.30 0.05 0.02

Right-handed currents 2βeff
s (B0

s → φγ ) – 0.09 0.02 <0.01

τ eff(B0
s → φγ )/τB0

s
– 5 % 1 % 0.2 %

Electroweak penguins S3(B
0 → K∗0µ+µ−;1 < q2 < 6 GeV2/c4) 0.08 [68] 0.025 0.008 0.02

s0AFB(B0 → K∗0µ+µ−) 25 % [68] 6 % 2 % 7 %

AI(Kµ+µ−;1 < q2 < 6 GeV2/c4) 0.25 [77] 0.08 0.025 ∼0.02

B(B+ → π+µ+µ−)/B(B+ → K+µ+µ−) 25 % [86] 8 % 2.5 % ∼10 %

Higgs penguins B(B0
s → µ+µ−) 1.5 × 10−9 [13] 0.5 × 10−9 0.15 × 10−9 0.3 × 10−9

B(B0 → µ+µ−)/B(B0
s → µ+µ−) – ∼100 % ∼35 % ∼5 %

Unitarity triangle angles γ (B → D(∗)K(∗)) ∼10–12◦ [252, 266] 4◦ 0.9◦ negligible

γ (B0
s → DsK) – 11◦ 2.0◦ negligible

β(B0 → J/ψK0
S) 0.8◦ [44] 0.6◦ 0.2◦ negligible

Charm CP violation AΓ 2.3 × 10−3 [44] 0.40 × 10−3 0.07 × 10−3 –

(ACP 2.1 × 10−3 [18] 0.65 × 10−3 0.12 × 10−3 –

necessary for other triggers, reducing the efficiency for the
relevant channels by a factor of 2 at

√
s = 14 TeV.

In LHCb measurements to date, the CP-violating phase
in B0

s mixing, measured in both J/ψφ and J/ψf0(980) fi-
nal states, has been denoted φs . In the upgrade era it will
be necessary to remove some of the assumptions that have
been made in the analyses to date, related to possible pen-
guin amplitude contributions, and therefore the observables
in b → cc̄s transitions are denoted by 2βs = −φs , while
in b → qq̄s (q = u,d, s) transitions the notation 2βeff

s is
used. This parallels the established notation used in the B0

system (the α,β,γ convention for the CKM unitarity tri-
angle angles is used). The penguin contributions are ex-
pected to be small, and therefore a theory uncertainty on
2βs(B

0
s → J/ψφ) ∼ 0.003 is quoted, comparable to the

theory uncertainty on 2β(B0 → J/ψK0
S). However, larger

effects cannot be ruled out at present. Data-driven meth-
ods to determine the penguin amplitudes are also possible
[246, 277, 284]: at present these given much larger estimates
of the uncertainty, but improvement can be anticipated with
increasing data samples. The flavour-specific asymmetry in
the B0

s system, as
sl in Table 16, probes CP violation in mix-

ing. The “sl” subscript is used because the measurement
uses semileptonic decays.

Sensitivity to the emitted photon polarisation is encoded
in the effective lifetime, τ eff of B0

s → φγ decays, together
with the effective CP-violation parameter 2βeff

s . Two of the
most interesting of the full set of angular observables in
B0 → K∗0µ+µ− decays [62], are S3, which is related to
the transverse polarisation asymmetry [63], and the zero-
crossing point (s0) of the forward–backward asymmetry. As
discussed above, isospin asymmetries, denoted AI , are also
of great interest.

In the charm sector, it is important to improve the preci-
sion of (ACP, described above, and related measurements
of direct CP violation. One of the key observables related
to indirect CP violation is the difference in inverse effective
lifetimes of D0 → K+K− and D0 → K+K− decays, AΓ .

The extrapolations in Table 16 assume the central val-
ues of the current measurements, or the SM where no mea-
surement is available. While the sensitivities given include
statistical uncertainties only, preliminary studies of system-
atic effects suggest that these will not affect the conclu-
sions significantly, except in the most precise measurements,

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% 3%
B(B ! µ⌫) [10�6] < 1.7 [67] 20% 7%
R(B ! D⌧⌫) 0.440(1 ± 16.5%) [29]† 5.2% 2.5%
R(B ! D

⇤
⌧⌫)† 0.332(1 ± 9.0%) [29]† 2.9% 1.6%

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
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Construction & Commissioning Schedule
Construction and Commissioning Schedule

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 24 / 32
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Beam Backgrounds
At SuperKEKB with x40 larger Luminosity, beam background will also 
increase drastically.

Touschek scattering
Beam-gas scattering
Synchrotron radiation

Radiative Bhabha: 
emitted photons
spent electrons

2-photon process: e+e–→e+e–e+e–

Beam background
• At SuperKEKB with x40 larger Luminosity, beam 

background will also increase drastically.

– Touschek scattering

– Beam-gas scattering

– Synchrotron radiation

– Radiative Bhabha event: emitted γ
– Radiative Bhabha event: spent e+/e-

– 2-photon process event: e+e-!e+e-e+e-

– etc…

Feb. 24th, 2011 H.Nakayama (KEK) 37

e-
e+

e-

Beam-origin

Luminosity dependent

+ 

1 O-86 5591Al 

Figure 1. Diagrams that contribute terms containing l/t md m2/t2. These and 
the charge conjugate diagrams dominate the order cz* cross section for the region 
under study. 

H.Nakayama (KEK) 40

Scattered e+
Shower

May. 9th, 2011

Scattered e+/e- becomes off-
trajectory and hit IR beam pipe.
They creates not only EM 
shower but also neutrons.

Touschek/Beam-gas background

Scattered e-

Shower

IP

e+/e- lose energy by radiative 
Bhabha process and hit 
downstream beam pipes

neutrons

Emitted gamma hit  magnet 
at ~15m downstream and 
creates neutrons

Radiative Bhabha

gamma
e+/e-

TIPP2011 (June. 11th, 2011) 48Hiroyuki Nakayama (KEK)

radiation damage, photosensor ageing, pileup
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Central Drift Chamber
Central Drift Chamber

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 30 / 32

Central Drift Chamber
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Central Drift Chamber

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 30 / 32

Longer lever arm than in Belle

Wire stringing in 
a clean room in 
Fuji Hall

Central Drift Chamber

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 30 / 32
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Central Drift Chamber (CDC)

>Smaller cells near beam pipe

>Extended outer radius for better 
momentum resolution

>Faster readout electronics to 
reduce dead time

Belle

Belle II

normal cell

10~20 mm

18 mm
10 mm

6~8 mm

small cell

Belle Belle II

Innermost sense wire R=88mm R=168mm

Outermost sense wire R=863mm R=1111.4m
m

Number of layers 50 56

Total number of   
sense wires

8400 14336

Gas He : C
2
H

6
He : C

2
H

6

Sense wires W(Ø30μm) W(Ø30μm)

Field wires Al(Ø120μm) Al(Ø120μm)
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Central Drift Chamber
CDC wire stringing is complete (~51k wires)

Central Drift Chamber

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 31 / 32

CDC viewed from the backward side

Expected performance 
using a Kalman filter 
and GEANT4

17o<θlab<150o
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Central Drift Chamber (CDC)

>Smaller cells near beam pipe

>Extended outer radius for better 
momentum resolution

>Faster readout electronics to 
reduce dead time

Belle

Belle II

normal cell

10~20 mm

18 mm
10 mm

6~8 mm

small cell

Belle Belle II

Innermost sense wire R=88mm R=168mm

Outermost sense wire R=863mm R=1111.4m
m

Number of layers 50 56

Total number of   
sense wires

8400 14336

Gas He : C
2
H

6
He : C

2
H

6
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Aerogel RICH: Endcap PID
Particle identification
Aerogel RICH (endcap PID)

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 28 / 32

Particle identification
Aerogel RICH (endcap PID)
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Particle identification
Aerogel RICH (endcap PID)

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 28 / 32

2-layer Aerogel HAPD Photo-detector

n1  n2 

(n1<n2)

PID in the forward endcap

2-layer aerogel radiator

420 × 144-channel Hybrid-Avalanche Photo-
detectors (HAPD)
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Aerogel RICH: Endcap PID
Increases the number of photons without degrading resolution2-layer radiator

Particle identification
Aerogel RICH (endcap PID)

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 29 / 32

Particle identification
Aerogel RICH (endcap PID)

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 29 / 32

4cm aerogel single index

2cm+2cm aerogel

Particle identification
Aerogel RICH (endcap PID)

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 29 / 32

NIM A548 (2005) 383
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Calorimeter
Re-use of Belle’s CsI(Tl) crystals, plus

barrel: 2MHz wave form sampling to 
compensate for larger beam-backgrounds & the 
slow decay time of CsI(Tl) signal:  
2x better resolution at 20x background!


forward endcap: CsI(Tl) ⇒CsI for faster 

performance and better radiation hardness (not 
from the beginning of data-taking)


EM Calorimeter new 
waveform sampling/
timing. CsI(Tl) (barrel),  
Pure CsI (end-caps)

Calorimeter

• Precise measurements of γ (π0) and Eextra is critical to our 
physics program, particular with respect to LHCb. 

• Belle II is reusing the CsI(Tl) crystal calorimeter from Belle, 
with new digitization and waveform fitting electronics. 
Excellent resolution, but quite slow.

�17
Time (ns)

-20000 -15000 -10000 -5000 0 5000 10000

Vo
lta

ge

0

1

2

3

4

5

CsI crystal
Waveform of a 100 MeV γ in CsI(Tl) calorimeter

includes 600 MeV of 
background photons

EM Calorimeter

Re-usage of the Belle’s CsI(Tl) crystal calorimeter, but with

barrel: new electronics with 2MHz wave form sampling to compensate for
the larger beam-related backgrounds and the long decay time of CsI(Tl)
signals

forward endcap: CsI(Tl) )CsI for faster performance and better radiation
hardness (not from the beginning of data-taking)

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 14 / 32
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Muon/KL Detector
Endcap RPCs and two layers of the barrel have to be replaced with 
scintillators to handle higher backgrounds (mainly from neutrons)
KL momentum measured by layer timing coincidence.

Muon/KL detection

Endcap RPCs and two layers of the barrel have to be replaced with
scintillators to handle higher backgrounds (mainly from neutrons)

,! Expected to improve KL and muon detection e�ciency
beyond Belle performance

Barrel KLM installation completed – first new Belle II detector subsystem
installed.

A. Zupanc (JSI) Belle II La Thuile, 01/03/2014 15 / 32

7
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50
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1

Tracks with muon likelihood >= 0.10
Entries  42
Mean    2.862
RMS     1.237
Underflow       0
Overflow        0

Tracks with muon likelihood >= 0.10
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~2%

Muon Identification Efficiency
and Pion Fake Rate vs Momentum

LR > 0.1 
LR > 0.5 
LR > 0.9 
LR > 0.95 

Belle II 
Simulation 
Preliminary

Barrel KLM installation complete -  
first Belle II sub detector ready!
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LQCD
TABLE I. History, status and future of selected LQCD calculations needed for the determina-
tion of CKM matrix elements. Forecasts from the 2007 white paper (where available) assumed
computational resources of 10–50 TF years. Most present lattice results are taken from latticeav-
erages.org [28]. Other entries are discussed in the text. The quantity ⇠ is fBs

p
BBs/(fB

p
BB).

Quantity CKM Present 2007 forecast Present 2018

element expt. error lattice error lattice error lattice error

fK/f⇡ |Vus| 0.2% 0.5% 0.5% 0.15%

fK⇡
+

(0) |Vus| 0.2% – 0.5% 0.2%

fD |Vcd| 4.3% 5% 2% < 1%

fDs |Vcs| 2.1% 5% 2% < 1%

D ! ⇡`⌫ |Vcd| 2.6% – 4.4% 2%

D ! K`⌫ |Vcs| 1.1% – 2.5% 1%

B ! D⇤`⌫ |Vcb| 1.3% – 1.8% < 1%

B ! ⇡`⌫ |Vub| 4.1% – 8.7% 2%

fB |Vub| 9% – 2.5% < 1%

⇠ |Vts/Vtd| 0.4% 2-4% 4% < 1%

�Ms |VtsVtb|2 0.24% 7–12% 11% 5%

BK Im(V 2

td) 0.5% 3.5–6% 1.3% < 1%

which have proven to be quite accurate. The forecasts shown for future improvements are
discussed in Sec. IV and Appendix A.

It is important to note that, of the quantities in Table I, only for fK/f⇡ was a result available
in 2007 with all errors controlled. All other calculations have matured from having several
errors uncontrolled to all errors controlled over the last five years. For B ! D(⇤) form factors
and fB, lattice errors are at, or below, the level of the corresponding experimental errors.
USQCD calculations have played the major role in these reductions, and have solidified
the error estimates by performing multiple calculations of several quantities using di↵erent
fermion discretizations. For example, the world average for BK is based on four di↵erent
calculations, three of which were carried out under the auspices of USQCD.

These improvements have been possible because of a combination of the roughly 10-fold
increase in computational resources, significant algorithmic improvements, and improved
methods of theoretical analysis of the numerical data. The net e↵ect has been that calcu-
lations have been possible with light-quark masses much closer to the physical values and
with several lattice spacings and volumes to control discretization and finite-volume errors.
Improved actions for domain-wall and staggered light quarks have reduced discretization er-
rors. Smaller lattice spacings have allowed the use of relativistic charm quarks (rather than
a heavy-quark action), increasing the precision in the charm sector, and enabling direct
simulation of the charm sea.

On the theoretical side, a major advance has been the introduction of so-called SMOM renor-
malization schemes for applying nonperturbative renormalization (NPR) to bilinears [32] and
four-fermion operators [33]. These schemes use non-exceptional momentum configurations,
which significantly reduces long distance contributions to correlation functions, and so leads

9

•Lattice QCD promises important improvements in precision.


•USQCD “Lattice QCD at the Intensity Frontier”

http://www.usqcd.org/documents/13flavor.pdf

• + other rare processes, e.g. B→K*γ, B→K*l+l- 
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Belle Software Framework
•New framework with dynamic module loading, parallel 

processing, python steering, root I/O, and use of GRID with Dirac
•Full detector simulation with Geant4 
•Tracking with GenFit
•Alignment with Millepede II
•Employed for test beam studies

Sergey Yashchenko  | Future Prospects for Heavy Flavor Measurements   |  08.04.14  |  Page 51

Software Upgrade

>New framework with dynamic module loading, parallel 
processing, python steering, root I/O, and use of GRID

>Full detector simulation with Geant4

>Tracking with GenFit

>Alignment with Millepede II

d
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Computing
Hardware 

Trigger rate
Physics 

output rate event size

Belle 500 Hz 90 Hz 300kB (max)
Belle II 30 kHz 3.6kHz 300kB (max)
ATLAS 0.2kHz 1.6MB

~similar amount of raw data 
to ATLAS!
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Computing
Hardware 

Trigger rate
Physics 

output rate event size

Belle 500 Hz 90 Hz 300kB (max)
Belle II 30 kHz 3.6kHz 300kB (max)
ATLAS 0.2kHz 1.6MB

~similar amount of raw data 
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Computing

• Raw data storage and processing at KEK; duplicated at 
PNNL. Physics data distributed for analysis. Grid + cloud 
for MC production. 

• Hardware requirements are comparable LHC. 

�28
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Complementarity to High pT

Flavour constraints in CMSSM in (m1/2, m0)
[F. Mahmoudi, 1310.2556]

Figure 1: Flavour constraints in the CMSSM, in the (m1/2,m0) parameter plane with A0 = �2m0, for tan� = 30
in the left and tan� = 50 in the right. The black lines delimit the ATLAS SUSY direct search limits with

20.3 fb�1 of data and the white lines show where the Higgs mass can reach a value of 122 GeV.

with C = |Vub/Vcb|2 ⇥ �[B̄ ! Xce⌫̄]/�[B̄ ! Xue⌫̄]. P (E
0

) and N(E
0

) denote respectively the
perturbative and non perturbative contributions, which involve the Wilson coe�cients C

1�8

,
with E

0

a cut on the photon energy. ✏em is an electromagnetic correction. The calculation is
performed at NNLO accuracy in the SM and 2HDM and at NLO (partial NNLO) in SUSY14,15,16.
With the latest PDG input parameters we obtain BR(B̄ ! Xs�)

SM

= (3.08±0.23)⇥10�4 which
can be compared to the world average experimental value BR(B̄ ! Xs�)exp = (3.43 ± 0.21 ±
0.07)⇥ 10�4 17.

The purely leptonic decay Bu ! ⌧⌫⌧ on the other hand occurs via W+ and H+ mediated
annihilation processes already at tree level. This decay is helicity suppressed in the SM, but there
is no such suppression for the charged Higgs exchange, and at high tan� the two contributions
can be of similar magnitudes. This decay is thus very sensitive to the charged Higgs boson
properties and provides important constraints. The branching ratio of Bu ! ⌧⌫⌧ reads 18,19,20

BR(Bu ! ⌧⌫⌧ ) =
G2

F f
2

B|Vub|2
8⇡

⌧BmBm
2

⌧

✓
1� m2

⌧

m2

B

◆
2


1�

✓
m2

B

m2

H+

◆
tan2 �

1 + ✏
0

tan�

�
2

, (10)

where ✏
0

corresponds to a two loop SUSY correction. Using |Vub| = (4.15 ± 0.49) ⇥ 10�3 and
fB = 194±10 MeV, the SM branching ratio amounts to BR(Bu ! ⌧⌫⌧ )

SM

= (1.15±0.29)⇥10�4

which is similar to the combination of the most recent Belle and Babar results BR(Bu !
⌧⌫⌧ )exp = (1.14± 0.23)⇥ 10�4 21,22.

3 Interplay with direct searches

To illustrate the constraining power of the flavour observables and the complementarity with
direct searches for new physics, we consider in the following first a rather simple MSSM scenario,
CMSSM, where the universality assumptions at the GUT scale allow us to reduce the number
of free parameters to a handful, and next a more general framework, the pMSSM, where no
universality assumption is imposed. The SUSY spectra are generated with SOFTSUSY 23 and
flavour observables are calculated with SuperIso 5,24.

3.1 Constrained MSSM

We study the e↵ects of imposing flavour constraints on the CMSSM parameters by performing
flat scans varying the CMSSM parameters in the ranges: m

0

,m
1/2 2 [50, 3000] GeV; tan� 2

[1, 60]; A
0

2 [�10, 10] TeV; sign(µ) > 0. A comparison between di↵erent flavour observables in
the plane (m

1/2,m0

) is given in Fig. 1, where the constraints from flavour observables described
in the previous section are shown for tan� = 30 and 50. The latest ATLAS SUSY direct search

4

• Clearly demonstrated sensitivity to 
scales beyond EW that 
complement LHC direct searches.

In
tro

du
ct

io
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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

⇤

⌅ 2

22F ⇤� = ⇥
⌅

21F ⇤� = ⇥
⌅LHC

CKM-like
flavour violation

generic 
flavour structure

I Sketch of the bounds on new physics with scale ⇤ and flavour changing
parameter �

I Meson-antimeson mixing can probe the highest scales if flavour-violation
is generic (� large)

David Straub (Universe Cluster) 4
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Deciphering NP @ Belle II (Aside)
•Only resolved through decay differentials & New 

observables: Polarisation, AFB…   

•Explore new Scalar, Vector or Tensors & CPV!


•“flavour blind” Type II 2HDM ruled out.

The e↵ective Lagrangian that contains all conceivable four-Fermi operators is written as

� Le↵ = 2
p
2GFVcb

X

l=e,µ,⌧

⇥
(�l⌧ + C l

V1
)Ol

V1
+ C l

V2
Ol

V2
+ C l

S1
Ol

S1
+ C l

S2
Ol

S2
+ C l

TOl
T

⇤
, (4)

where the four-Fermi operators are defined by

Ol
V1

= c̄L�
µbL ⌧̄L�µ⌫Ll , (5)

Ol
V2

= c̄R�
µbR ⌧̄L�µ⌫Ll , (6)

Ol
S1

= c̄LbR ⌧̄R⌫Ll , (7)

Ol
S2

= c̄RbL ⌧̄R⌫Ll , (8)

Ol
T = c̄R�

µ⌫bL ⌧̄R�µ⌫⌫Ll , (9)

and C l
X (X = V1,2, S1,2, T ) denotes the Wilson coe�cient of Ol

X . Here we assume that the

light neutrinos are left-handed.1 The neutrino flavor is specified by l, and we take all cases

of l = e, µ and ⌧ into account in the contributions of new physics. Since the neutrino flavor

is not observed in the experiments of bottom decays, the neutrino mixing does not a↵ect the

following argument provided that the Pontecorvo-Maki-Nakagawa-Sakata matrix is unitary.

The SM contribution is expressed by the term of �l⌧ in Eq. (4). We note that the tensor

operator with the opposite set of quark chiralities identically vanishes: c̄L�µ⌫bR ⌧̄R�µ⌫⌫Ll = 0.

B. Helicity amplitudes

The helicity amplitude of B̄ ! M⌧ ⌫̄ (M = D,D⇤) is written as

M�⌧ ,�M
l = �l⌧ M�⌧ ,�M

SM + M�⌧ ,�M
V1,l

+ M�⌧ ,�M
V2,l

+ M�⌧ ,�M
S1,l

+ M�⌧ ,�M
S2,l

+ M�⌧ ,�M
T,l , (10)

where �⌧ is the helicity of the tau lepton, �M = s indicates the amplitude of B̄ ! D⌧ ⌫̄, and

�M = ±1, 0 denotes the D⇤ helicity defined in the B rest frame . The amplitude M�⌧ ,�M
SM

represents the SM contribution and other terms in the right-hand side stand for new physics

contributions corresponding to the operators in Eqs. (5)–(9). The SM amplitude is given by

[34, 35]

M�⌧ ,�M
SM =

GFp
2
Vcb

X

�

⌘�H
�M
V1,�

L�⌧
�,⌧ , (11)

1 Possibilities to introduce a light right-handed neutrino are discussed in Refs. [32, 33].
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• Wilson Coefficients Cn ~ Λ/m2
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Figure 5: The correlations between various observables (R(D(⇤)), AFB, P⌧ and PD⇤) for four di↵erent

NP scenarios assuming l = ⌧ : the generic scalar (green) and tensor (blue) contributions to the C⌧
S2

and

C⌧
T Wilson coe�cients respectively; only R2/3

2 (red) and S1/3
1 (orange) leptoquark contribution - the

specific cases giving C⌧
S2
(µb) = ±7.8C⌧

T (µb). The correlations were obtained by applying the constraints

on the NP couplings from the �2 fit of R(D) and R(D⇤) at 3� level. The star corresponds to the SM

prediction. The current experimental measurements of R(D(⇤)) within ±1� range are shown in gray.

the degree of exclusion highly depends on the employed form factors. This means that we

must be deliberate about theoretical uncertainties in New Physics contributions as well

as the SM contributions in order to exclude models of New Physics.

For further tests and discrimination of the allowed leptoquark models, we have exam-

ined correlations among the ⌧ forward-backward asymmetries A
FB

, the ⌧ polarizations P⌧

and the D⇤ longitudinal polarization PD⇤ in some favourable cases. We have found that

PD⇤ is a sensitive observable to discriminate Ol
S2
, Ol

T and their mixture.

Measurements of these observables in addition to more precise determination ofR(D(⇤))

16
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Inclusive Radiative B decays: Archetypal NP mode
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Branching Fraction 
Branching fraction of b→sJ and its photon spectrum has been intensively studied. 
• Limit to charged Higgs mass. 

[T.Hermann, M.Misiak, M.Steinhauser JHEP11(2012)036] 

M(H+) > 380 GeV  (95% C.L.) 

(M(H+) > 295 GeV previously)   

Assuming theoretical uncertainty 
becomes half: 

Belle II 

Many new particles may enter loop: e.g. H+

Theory precision near experimental precision in b→s,  
b→d may be fragmentation error limited.
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10 parameters:   x, y, δ, δKππ, RD, AD, Aπ, AK, |q/p|, φ
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−
 ,   (x, y) BaBar K

0
S h

+
 h
−

 ,   (R M ) Kl ν  , (x", y") K
+
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LFV Impact On Models

MEG Phys. Rev. Lett. 110, 201801 (2013)

Seesaw SUSY
11

with heavy right-handed neutrinos, the o�-diagonal
entries of the slepton mass matrix m2

eL
are likely to

be dominated by the flavor mixing in the (s)neutrino
sector. These terms can be expressed as:

⇤
m2

eL

⌅

ji
⇤ �6M2

0 + 2A2
0

16⇧2
⇥ij , (1)

where ⇥ij =
�
Y †
� Y�

⇥
ji
log(MGUT /MR) in terms of the

neutrino Yukawa couplings (Y�), the average heavy
right-handed neutrino mass (MR) and the GUT scale
(MGUT ⇥ 1015–1016 GeV). The experimental infor-
mation on neutrino masses and mixings is not su⌅-
cient to fix completely the structure in the neutrino
Yukawa matrix, even assuming some kind of quark-
lepton unification. We can take two limiting situa-
tions that are called “CKM-like” and “PMNS-like” [9].
Taking the “PMNS-like” case and given the large phe-
nomenological value of the 2–3 mixing in the neutrino
sector (and the corresponding suppression of the 1–3
mixing) we expect |⇥32| ⌅ |⇥31| hence B(⌃ ⇧ µ�) ⌅
B(⌃ ⇧ e�). For su⌅ciently heavy right-handed neu-
trinos, the normalization of Y� is such that B(⌃ ⇧ µ�)
can reach values in the 10�9 range. In particular,
B(⌃ ⇧ µ�) >⇥ 10�9 if at least one heavy right-handed
neutrino has a mass around or above 1013 GeV (in SPS
4) or 1014 GeV (in SPS 1a,1b,2,3,5).

A key issue that must be addressed is the role
of B(µ ⇧ e�) in constraining the LFV couplings
and, more generally, the correlations between B(⌃ ⇧
(µ, e)�) and B(µ ⇧ e�) in this framework. An ex-
tensive analysis of such questions has been presented
in Ref. [10, 11], under the hypothesis of a hierarchical
spectrum for the heavy right-handed neutrinos.

The overall structure of the B(⌃ ⇧ µ�) vs. B(µ ⇧
e�) correlation in SPS 1a is shown in Fig. 1. As an-
ticipated, B(⌃ ⇧ µ�) ⇥ 10�9 requires a heavy right-
handed neutrino around or above 1014 GeV. This pos-
sibility is not excluded by B(µ ⇧ e�) only if the 1–3
mixing in the lepton sector (the ⇤13 angle of the neu-
trino mixing matrix) is su⌅ciently small. This is a
general feature, valid at all SPS points, as illustrated
in Fig. 2. In Table II we show the predictions for
B(⌃ ⇧ µ�) and B(⌃ ⇧ µµµ) corresponding to the
neutrino mass parameters chosen in Fig. 2 (in partic-
ular MN3 = 1014 GeV), for the various SPS points.
Note that this case contains points that are within
the SuperB sensitivity range, yet are not excluded by
B(µ ⇧ e�) (as illustrated in Fig. 2). It is also interest-
ing to notice the possible correlations with other pro-
cesses. For instance, in SU(5) GUT models a large CP
phase in the Bs system would imply a large B(⌃ ⇧ µ�)
due to the unification of the squark and slepton mass
matrices at MGUT [12–15].

It is unlikely that MSSM would be realised in na-
ture with an entirely flavor blind soft sector while the
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FIG. 1: B(⌅ ⇥ µ�) vs. B(µ ⇥ e�) in SPS 1a, for three
reference values of the heavy right-handed neutrino mass
and several values of ⇥13. The horizontal dashed (dotted)
line denotes the present experimental bound (future sen-
sitivity) on B(µ ⇥ e�). All other relevant parameters are
set to the values specified in Ref. [10].

FIG. 2: B(µ ⇥ e �) as a function of ⇥13 (in degrees) for
various SPS points. The dashed (dotted) horizontal line
denotes the present experimental bound (future sensitiv-
ity). All other relevant parameters are set to the values
specified in Ref. [10].

TABLE II: Predictions for B(⌅ ⇥ µ �) and B(⌅ ⇥ µµµ)
corresponding to the SPS points. The values of mNi and
m�1 are as specified in Fig. 2 [10].

SPS 1 a 1 b 2 3 4 5

B(⌅ ⇥ µ�)� 10�9 4.2 7.9 0.18 0.26 97 0.019

B(⌅ ⇥ µµµ)� 10�12 9.4 18 0.41 0.59 220 0.043

Yukawa sector presents a highly nontrivial structure.
Thus, we must explore other “flavored MSSM” real-
izations to be able to analyze the host of new results
that will arrive from SuperB and LHC experiments.
The use of flavor symmetries can explain the compli-
cated Yukawa structures and at the same time predict

SuperB Progress Report - The Physics - August 2010
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Channel Bound (90% C.L.) Prospects

B(µ → eγ) < 2.4 × 10−12 [24] 10−13

B(τ → eγ) < 3.3× 10−8 [26] 10−9

B(τ → µγ) < 4.4× 10−8 [26] 10−9

Table 2. Bounds and prospects for LFV searches.

Here the ai are complex O(1) parameters. When diago-
nalizing the charged-lepton Yukawa we find

(Ae)
Y ≈

⎛

⎝

a1ℓ1 0 (a2 − a3)se eiαeϵ
0 a1ℓ2 (a2 − a3)ceϵ
0 0 a3

⎞

⎠ yτA0 , (42)

where ℓ1 = (ye/yτ ) and ℓ2 = (yµ/yτ ). This implies a neg-
ligible LR contribution to the 1–2 sector, and suppressed
contributions to the 1–2, 3 sectors.

5.2 Lepton Flavor Violation

Given the structure of the soft-breaking terms illustrated
above, the leading contributions to LFV processes are in-
duced by LL terms. Inspired by the symmetry-breaking
patter of the squark sector analyzed in Ref. [5], and also to
simplify the discussion, in the following we assume the ex-
istence of an approximate cancellation in the (3, 3) element
of the LL slepton mass matrix. Under this assumption, the
leading contributions to LFV processes are dominated by
the exchange of third-family sleptons.

Before analyzing the predictions of LFV rates by means
of a numerical scan of the parameter space, we draw a few
analytical considerations. In the limit where we assume
the dominance of chargino contributions (as expected be-
cause of the larger coupling compared to neutralinos), we
only need to analyze the LL mass matrix of Eq. (38). This
is diagonalized by [5]:

W e
L =

⎛

⎝

ce see−iαe −seseLe
iγe−iαe

−seeiαe ce −ceseLe
iγ

0 seLe
−iγ 1

⎞

⎠ , (43)

where
seL eiγ = sτe

−iφτ + c′3 = O(ϵ) . (44)

The relevant mixing terms are then

Rν̃
13 = −se s

e
L ei(γ−αe) , (45)

Rν̃
23 = −ce s

e
L eiγ , (46)

Rν̃
33 = 1 . (47)

This allows us to make the approximate predictions:

(

B(µ → eγ)

B(τ → µγ)

)χ±

≈
(

mµ

mτ

)5 Γτ

Γµ

∣
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∣

∣

Rν̃
23Rν̃∗

13

Rν̃
33Rν̃∗

23

∣

∣

∣

∣

2

≈ 5.1 s2e s
e 2
L , (48)

(
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B(τ → µγ)

)χ±

≈
∣

∣

∣

∣

Rν̃
33Rν̃∗

13

Rν̃
33Rν̃∗

23
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2

≈ s2e , (49)

Fig. 5. Top: Correlation between B(τ → µγ) and B(µ → eγ).
Bottom: Correlation between B(τ → µγ) and B(τ → eγ). See
text for details.

which turn out to be good approximations to the full re-
sults.

In our numerical simulation, we include both chargino-
and neutralino-mediated contributions. We perform a com-
plete diagonalization of the full 6× 6 slepton mass matrix
and the 3 × 3 sneutrino mass matrix.7 We take the (3, 3)
and (6, 6) elements in the range (200 GeV)2−(1000 GeV)2,
while we assume values between 52 and 1002 times heav-
ier for the other mass eigenvalues. The A0 parameter is
assumed to be proportional to the heavy sfermion mass
with a proportionality constant in the range [−3, 3]. The
chargino soft mass is fixed to M2 = 500 GeV, and we use
gaugino unification arguments to set M1 = 0.5M2. We
also fix tanβ = 10, and µ = 600 GeV.

The results of the numerical analysis are shown in Fig-
ure 5. On the upper panel we show the correlation between
B(τ → µγ) and B(µ → eγ), while on the bottom panel we
show the correlation of the former with B(τ → eγ). We
show the current bounds for each branching ratio with
solid brown lines, while the expected sensitivity of the rel-
evant experiment (MEG for µ → eγ, Belle II and SuperB
for τ → ℓγ) is shown using dashed brown lines (see Ta-

7 In the diagonalization process we discard results with
tachyonic sleptons or charged LSPs. We also take into account
the approximate LEP bounds on chargino, stau and sneutrino
masses [25].
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Belle
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S. Antush et al. JHEP, 11:090 (2006)

CMSSM model point with 3 massive RH 
N for various m(N3) and θ13
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TeV scale slepton 
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Bs Physics

•5 ab-1 BS SL or Full recon. @ Y(5S) similar 
precision to B0 studies / 325 fb-1 of Y(4S)


•fs will be well measured: WA=(19.9±3.0)% 

•SU(3) Symmetry heavily relied upon at LHC, 
but needs to be rigorously tested.

be
yo

nd
 Y

(4
S)

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% 3%
B(B ! µ⌫) [10�6] < 1.7 [67] 20% 7%
R(B ! D⌧⌫) 0.440(1 ± 16.5%) [29]† 5.2% 2.5%
R(B ! D

⇤
⌧⌫)† 0.332(1 ± 9.0%) [29]† 2.9% 1.6%

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

Bs Yields  

Tag Method Tag Eff. NBs/NB 121/fb 5/ab

Untagged 2.000 fs/fd,u≃0.25 1.4E+07 6.0E+08

Lepton tag 0.100 fs/fd,u≃0.25 7.0E+05 3.0E+07

Ds:Φπ,KSK,K*K 0.040 10⋅fs/fd,u 2.8E+05 1.2E+07

Bs Full Recon. 0.004 ⨠10 2.8E+04 1.2E+06
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Dark Sector
Dark matter suggests the presence of a dark sector, neutral under all 
Standard Model forces (i.e. non-WIMP)

Dark Sectors

Standard Model
�g

Known Forces

W±, Z

strong, weak, EM

A dark sector consists of particles that do !
not interact with known forces

Dark Sector
forces + particles

dark matter?

unlike matter that interacts with 
known forces, dark sector particles 

can be well below Weak-scale

Dark Sectors

Standard Model
�g

Known Forces

W±, Z

strong, weak, EM

A dark sector consists of particles that do !
not interact with known forces

Dark Sector
forces + particles

dark matter?

unlike matter that interacts with 
known forces, dark sector particles 

can be well below Weak-scale

Standard Model
�g W±, Z

Dark Sector
forces + particles

dark matter?

Portals?

?

only a few important interactions exist that 
are allowed by Standard Model symmetries

“Kinetic Mixing”

Standard Model
�g A0 (massive)W±, Z

Holdom

X
A0�

ordinary photon & Aʹ can mix

�L =
✏

2
FY,µ⌫F 0
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✏

Galison, Manohar

Dark Photons
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Dark Sector
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Dark Photons.
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