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Recent results on modes used for precise tests of NP in B-physics

B → D* τ ν Belle PRD 94, 072007 (2016), Belle PRL 118, 211801 (2017), 
Belle arXiv:1709.00129, LHCb arXiv:1711.02505

Bc → J/ψ τ ν LHCb arXiv:1711.05623

B → D* l ν |Vcb| Belle arXiv:1702.01521

B → µ ν Belle arXiv:1712.04123 

B → D(*) K(*) Φ3 LHCb-CONF-2017-004, LHCb arXiv:1708.06370

B → µµ ATLAS EPJC 76, 513 (2016), LHCb PRL 118, 191801 (2017) 

B(s) → τ τ LHCb PRL 118, 251802 (2017)

B → K(*) l+ l- LFUV
LHCb PRL 118, 251802 (2017), LHCb JHEP 11, 047 (2016), 
LHCb JHEP 04, 142 (2017), CMS PLB 753, 424 (2016), Belle 

PRL 118, 111801 (2017), Babar PRD 93, 052015 (2016)

B → K* ν ν Belle PRD(R) 96, 091101 (2017)

B → K* γ Belle PRL 119, 191802 (2017)
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The case for new physics manifesting in B-decays
• Baryon asymmetry in cosmology  
→ New sources of CPV 

• Quark and Lepton flavour & mass hierarchy  
→extended gauge sector coupling to third 
generation (H±, W’, Z’)  
→restored L-R symmetry 

• Finite neutrino masses  
→ LFV and LFUV. 

• 19 free parameters  
→ GUTs, leptoquarks 

• + Hidden and dark sectors at the GeV scale.
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B-physics experiments
Belle at KEK 

• Operated from 1999 to 2010 

• KEKB delivered over 1 ab-1 to Belle, 
mostly at the Y(4S) resonance. ( 771 
million B meson pairs ) 

• Along with Babar confirmed Kobayashi 
and Maskawa model of CP violation

4

Belle/KEKB

2

The B-factory at KEK (Tsukuba, Ibaraki, Japan)

● Targeted CP-violation using 771 million B meson pairs

● Operated from 1999 to 2010
● The KEKB accelerator delivered over 1ab-1 to the Belle 

detector, a huge success (mostly at Y(4S) resonance)

● Along with BaBar, confirmed Kobayashi and Maskawa 
model of CP violation, leading to 2008 Nobel Prize

● Additional unique datasets at Y(1S), Y(2S), Y(5S) 

resonances, leading to unexpectedly rich additional 
results

New results still coming out: see Min-Zu Wang, Recent 
results of rare B/D decays from Belle, tomorrow

LHCb at CERN 

• B-physics since 2010 

• 3 fb-1 in Run-1 @ 7 & 8 TeV (2010-2012) 

• 3.7 fb-1 in Run-2 @ 13 TeV so far (2015-2018) 

• Huge bb production cross section

11 July 2017 Ulrik Egede 2/31

The LHCb experiment
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Lepton non-universality
• Lepton universality in the gauge sector is one of the key features of the SM. 

• Decays with electrons, muon and taus should all be identical 

• The only differences are are due to masses 

• Easy to account for in predictions 

• Discovery of lepton flavour non-universality is a key signature of New physics 
e.g. Leptoquarks, W’, Z’, H± 

• Identification / reconstruction of leptons is not universal 
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Muon identification
• Muons are the easiest to identify 

• Little to no radiation (heavy) 

• Stable within particle detectors 

• No strong interactions in absorber material 

• In B-factories, need p > 700 MeV/c to reach muon detectors
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Electron identification

7

• Electrons are light 

• Final state radiation 
• Bremsstrahlung in material is likely 

• Measure too low momentum, Too low energy in calorimeter 

• Photons can fake prompt electrons through conversions 

• Bremsstrahlung recovery partial fixes this but affected by pile-up / beam background

11 July 2017 Ulrik Egede 7/31

Electron identification

Electrons are very light

When they pass through material 
they emit bremsstrahlung

Curvature in magnetic field will 
measure too low momentum

Photons can convert and fake 
electrons

Bremsstrahlung recovery can 
(partially) fix this
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Τau identification (reconstruction)

• Identification / reconstruction of τ leptons is very challenging 

• Short lifetime of 10-12 s 

• Hadronic decay with π’s and 1 ν 

• Leptonic decay with e/µ and 2 ν  
• Lack of full reconstruction implies background mimics the the signal where some 

daughters are lost e.g. KL, π0. Often difficult to constrain with “sideband” data.

8
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Tau identification

The identification of a tau lepton is really hard

A short lifetime of 10-12 s 
means we only see decay 
products

Hadronic decays with pions
and a neutrino

Semileptonic decay, �→µ⇥⇥ 
has just one track and two 
neutrinos

Mass and lifetime very similar 
to Ds which has very similar decays

� Analysis Method

• Tag a counterpart 𝐵 meson (𝐵tag) using hadronic or
semileptonic decays
ÆObtain information of 𝐵sig indirectly

• For  𝐵 → 𝐷(∗)𝜏−  𝜈𝜏, we measure

𝑅 𝐷 ∗ ≡
𝐵𝐹 𝐵 → 𝐷 ∗ 𝜏−  𝜈𝜏
𝐵𝐹 𝐵 → 𝐷 ∗ 𝑙−  𝜈𝑙

(𝑙− = 𝑒−, 𝜇−)

 𝐷0

𝜋−

𝐵tag
 𝐵sig

𝜋−

𝐾+

𝑙−𝜏−

 𝜈𝜏
𝜈𝜏

𝐷∗
𝜋+

𝐾−𝐷0

𝛾

 𝜈𝑙

Tag side Signal side
𝑒+

𝑒−
2-3 neutrinos
Æ Impossible to fully  

reconstruct 𝐵sig

Mini-workshop on D(*) Tau Nu and Related Topics

3/23
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Tree: Semileptonic decays — Theory

• In the SM, the decay B0→D∗− l+ ν proceed through a tree level decay 

9
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Semileptonic decays

In the SM, the decay                   proceed through a tree level decay

R (D∗)=
BF (B→D∗ τ ν)

BF (B→D∗μ ν)
 =

SM
 0.252±0.003

B
0→D∗−

l
+ ν
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Semileptonic decays

In the SM, the decay                   proceed through a tree level decay

R (D∗)=
BF (B→D∗ τ ν)

BF (B→D∗μ ν)
 =

SM
 0.252±0.003

B
0→D∗−

l
+ ν

H±
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Semileptonic decays — LHCb Reconstruction

• Latest LHCb measurement uses τ 
→ π+ π- π+ ν  decays 

• Normalisation with hadronic B 
decay of similar topology

1011 July 2017 Ulrik Egede 10/31

Semileptonic decays

Latest measurement from LHCb look at     
                   final states

Normalisation done though a very similar 
known final state

τ→π+ π−π+ ν

11 July 2017 Ulrik Egede 10/31

Semileptonic decays

Latest measurement from LHCb look at     
                   final states

Normalisation done though a very similar 
known final state

τ→π+ π−π+ ν
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Belle (II) Reconstruction

11

• Latest Belle 
analyses use 
semileptonic and 
hadronic tagging. 

• Normalisation to 
semileptonic decay 
modes. 

• Based on Mmiss2 and 
EECL/extra
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Belle (II) Reconstruction

11
University of Zurich, 2016, May 9 Flavour anomalies & Belle II's impact on the physics landscape

machines are beautiful

8

e+ e�

e+ e�bb̄e+ e�bb̄

bū

b̄u

⌥(1S) = hbb̄i
⌥(4S) = hbb̄i

10

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

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

bb̄) ⇠ 300 µb at a center-of-mass energy of
p
s = 7 TeV.

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

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

luminosity
R
Ldt.

Experiment
p
s (GeV)

R
Ldt ( fb�1) BB/bb̄ pairs

Belle 10.58 711 7.72⇥ 108 BB

BABAR 10.58 426 4.68⇥ 108 BB

CLEO 10.58 16 1.71⇥ 107 BB

ARGUS 10.58 0.2 2⇥ 105 BB

LEPa,c
⇠ 91 ⇠ 4⇥ 106 Z ⇠ 6⇥ 105 bb̄

SLD ⇠ 91 ⇠ 6⇥ 105 Z ⇠ 9⇥ 104 bb̄

LHCb 7000, 8000 3.2 2.6⇥ 1011 bb̄

ATLAS, CMSc 7000, 8000 25 ⇠ 1012 bb̄

Tevatronb,c 1960 10 ⇠ 1011 bb̄

a LEP is representative of the ALEPH, DELPHI, L3, and
OPAL experiments.

b Tevatron is representative of the CDF and D0 experiments.
c Quoted numbers are per experiment.

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

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

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

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

B!�threshold 

(a)

(b)

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

(b) diagram for BB production.

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

2. Detectors

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

B�

B+

• Latest Belle 
analyses use 
semileptonic and 
hadronic tagging. 

• Normalisation to 
semileptonic decay 
modes. 

• Based on Mmiss2 and 
EECL/extra
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Belle (II) Reconstruction
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Belle (II) Reconstruction
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bū

b̄u

c̄u

V
ub

W
−

−ν̄

b
u

` ⌫̄`….

Vu
b

W
−

−ν̄

b

u

cū
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Belle |Vcb| measurement with B ! D ` ⌫̄`

* Reconstruct 2nd B via hadronic modes, look
for events with lepton and D-meson candidates

* Measure �B in bins of w v q
2 = (pB � pD)2

by using

M
2

miss = (pB � pD � p`)
2 = (p⌫)2

* Simultaneously extract |Vcb| and non-
perturbative QCD dynamics: Outline2

Vqb

W
�

`
�

⌫̄`

b

ū
q

ū

Fig. 17.1.1. Illustration of semileptonic decay B� ! X`�⌫̄`.

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

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

and |Vub|.
The theoretical description of semileptonic B decays

starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GF
p

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

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

d� / G2
F |Vqb|

2
��LµhX|q̄�µPLb|Bi

��2 . (17.1.2)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

17.1.1.3 Experimental Techniques

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

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e�

! `+`�(�) with ` = e, µ, or ⌧ , and quark-antiquark
pair production, e+e�

! qq(�) with q = u, d, s, c.115

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

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

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

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

(Emiss,pmiss) = (E0,p0) � (
X

i

Ei,
X

i

pi), (17.1.3)

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

[Illustration by F. Tackmann]

I. Introduction: Summary of the exp. and theo. situation

a Recap of incl. and excl. measurements
b Recap of the ’1/2’ vs ’3/2’ problem

II. Discovery of potential 2S charmed state(s) by BABAR

III. Our Proposal and its Viability

IV. Prediction of �(B ! D 0(⇤) ` ⌫̄`) using light-cone sum rules

V. Summary

2 / 15

! Encoded in Form Factors and need theory input for normalization.

[arXiv:1510.03657, accepted by PRD]
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FIG. 1. (Color online) Fit to the missing mass squared distribution in three bins of w for the B+ ! D̄0e+⌫e sub-sample. Points
with error bars are the data. Histograms are (from top to bottom) the B ! D`⌫` signal (green), the B ! D⇤`⌫` cross-feed
background (red), and other backgrounds (blue). The p-values of the fits are (from left to right) 0.55, 0.21, and 0.10.
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FIG. 2. Same as Fig. 1 for the B+ ! D̄0µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.71, 0.38, and 0.42.
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FIG. 3. Same as Fig. 1 for the B0 ! D�e+⌫e sub-sample. The p-values of the fits are (from left to right) 0.30, 0.10, and 0.96.
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FIG. 7. Di�erential width of B ! D`⌫` and result of the combined fit to experimental and lattice QCD (FNAL/MILC and
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data (only results for f+ are shown on this plot). For Belle data, the uncertainties are represented by the vertical error bars
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curve indicates the uncertainty in the coe�cients of the BGL series.

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

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

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

|Vcb| = (40.12 ± 1.34) ⇥ 10�3 (World average: (39.5 ± 0.8) ⇥ 10�3 )
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2 = (pB � pD)2
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M
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* Simultaneously extract |Vcb| and non-
perturbative QCD dynamics: Outline2
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Fig. 17.1.1. Illustration of semileptonic decay B� ! X`�⌫̄`.

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

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

and |Vub|.
The theoretical description of semileptonic B decays

starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GF
p

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

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

d� / G2
F |Vqb|

2
��LµhX|q̄�µPLb|Bi

��2 . (17.1.2)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

17.1.1.3 Experimental Techniques

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

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e�

! `+`�(�) with ` = e, µ, or ⌧ , and quark-antiquark
pair production, e+e�

! qq(�) with q = u, d, s, c.115

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

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

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

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

(Emiss,pmiss) = (E0,p0) � (
X

i

Ei,
X

i

pi), (17.1.3)

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

[Illustration by F. Tackmann]

I. Introduction: Summary of the exp. and theo. situation

a Recap of incl. and excl. measurements
b Recap of the ’1/2’ vs ’3/2’ problem

II. Discovery of potential 2S charmed state(s) by BABAR

III. Our Proposal and its Viability

IV. Prediction of �(B ! D 0(⇤) ` ⌫̄`) using light-cone sum rules

V. Summary
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! Encoded in Form Factors and need theory input for normalization.

[arXiv:1510.03657, accepted by PRD]

7

)2 (GeV2
missM

0.5− 0 0.5 1 1.5 2

 )2
Ev

en
ts

 / 
( 0

.0
9 

G
eV

0

20

40

60

80

100

120

140

160

data
ν Dl→B 
ν D*l→B 

other background

w<1.06≤1.00

)2 (GeV2
missM

0.5− 0 0.5 1 1.5 2

 )2
Ev

en
ts

 / 
( 0

.0
9 

G
eV

0

50

100

150

200

250

300

350
data

ν Dl→B 
ν D*l→B 

other background

w<1.42≤1.36

)2 (GeV2
missM

0.5− 0 0.5 1 1.5 2

 )2
Ev

en
ts

 / 
( 0

.0
9 

G
eV

0

100

200

300

400

500
data

ν Dl→B 
ν D*l→B 

other background

w<1.60≤1.54

FIG. 1. (Color online) Fit to the missing mass squared distribution in three bins of w for the B+ ! D̄0e+⌫e sub-sample. Points
with error bars are the data. Histograms are (from top to bottom) the B ! D`⌫` signal (green), the B ! D⇤`⌫` cross-feed
background (red), and other backgrounds (blue). The p-values of the fits are (from left to right) 0.55, 0.21, and 0.10.
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FIG. 2. Same as Fig. 1 for the B+ ! D̄0µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.71, 0.38, and 0.42.
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FIG. 3. Same as Fig. 1 for the B0 ! D�e+⌫e sub-sample. The p-values of the fits are (from left to right) 0.30, 0.10, and 0.96.
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FIG. 4. Same as Fig. 1 for the B0 ! D�µ+⌫µ sub-sample. The p-values of the fits are (from left to right) 0.92, 0.39, and 1.00.
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FIG. 7. Di�erential width of B ! D`⌫` and result of the combined fit to experimental and lattice QCD (FNAL/MILC and
HPQCD) data. The BGL series (Eq. (8)) is truncated after the cubic term. The points with error bars are Belle and LQCD
data (only results for f+ are shown on this plot). For Belle data, the uncertainties are represented by the vertical error bars
and the bin widths by the horizontal bars. The solid curve corresponds to the result of the fit. The shaded area around this
curve indicates the uncertainty in the coe�cients of the BGL series.

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

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

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

|Vcb| = (40.12 ± 1.34) ⇥ 10�3 (World average: (39.5 ± 0.8) ⇥ 10�3 )
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SUSY 2017, B-physics & Belle II Phillip URQUIJO

B → D(*) τ ν 

• New RD* measurements with τ → h ν from Belle and LHCb. 

• Compatible with SM but also with other measurements.

12

Belle PRD 94, 072007 (2016)

Belle PRL 118, 211801 (2017) 
Belle arXiv:1709.00129

LHCb arXiv:1711.02505

LHCb arXiv:1711.05623

R(D*)
0.2 0.3 0.4

BaBar had. tag
 0.018± 0.024 ±0.332 

Belle had. tag
 0.015± 0.038 ±0.293 

Belle sl.tag
 0.011± 0.030 ±0.302 

Belle (hadronic tau)
 0.027± 0.035 ±0.270 

LHCb
 0.030± 0.027 ±0.336 

LHCb (hadronic tau)
 0.029± 0.019 ±0.285 

Average 
 0.007± 0.013 ±0.304 

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

HFLAV
FPCP 2017
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SUSY 2017, B-physics & Belle II Phillip URQUIJO

Bc → J/ψ τ ν & τ polarisation in B → D* τ ν 
• First measurement in Bc system - 2 σ above SM R(J/ψ)  ~ 0.25 

• First measurement of polarisation - compatible with SM Pτ ~0.5

13

Belle PRL 118, 211801 (2017) 
Belle arXiv:1709.00129

LHCb arXiv:1711.05623
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Figure 1: Distributions of (top) m2
miss, (middle) decay time, and (bottom) Z of the signal data,

overlaid with projections of the fit model with all normalization and shape parameters at their
best-fit values. Below each panel di↵erences between the data and fit are shown, normalized by
the Poisson uncertainty in the data; the dashed lines are at the values ±2.

templates derived from each of these methods, and an uncertainty is assigned using
half the di↵erence between the two minima. The systematic uncertainty due to the
combinatorial background cocktail is determined by varying the linear correction made to
its J/ µ+ mass distribution, described above, within its bounds. The contribution due
to the combinatorial background in the J/ peak region is determined by varying the
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3

denotes an electron or a muon. Our results, P⌧ (D
⇤) = �0.38 ± 0.51(stat)+0.21

�0.16(syst) and R(D⇤) =

0.270±0.035(stat)+0.028
�0.025(syst), are consistent with the theoretical predictions of the Standard Model.

The polarization values of P⌧ (D
⇤) > +0.5 are excluded at the 90% confidence level.

PACS numbers: 13.20.He, 14.40.Nd

I. INTRODUCTION

Semileptonic B decays to ⌧ leptons (semitauonic de-
cays) are theoretically well-studied processes within the
Standard Model (SM) [1–3], where the decay process is
represented by the tree-level diagram shown in Fig. 1.
The ⌧ lepton is more sensitive to new physics (NP)
beyond the SM that couples strongly with mass. A
prominent candidate is the Two-Higgs-Doublet Model
(2HDM) [4], where charged Higgs bosons appear. The
contribution of the charged Higgs to the decay process
B̄ ! D

(⇤)
⌧
�
⌫̄⌧ [5] is suggested by many theoretical works

(for example, Refs. [6–10]).
Experimentally, the decays B̄ ! D

(⇤)
⌧
�
⌫̄⌧ have been

studied by Belle [11–14], BaBar [15–17] and LHCb [18].
Most of these studies have measured ratios of branching
fractions, defined as

R(D(⇤)) =
B(B̄ ! D

(⇤)
⌧
�
⌫̄⌧ )

B(B̄ ! D(⇤)`�⌫̄`)
. (1)

The denominator is the average of `� = e
�
, µ

� for Belle
and BaBar, and `

� = µ
� for LHCb. The ratio can-

cels numerous uncertainties common to the numerator
and the denominator; these include the uncertainty in
the Cabibbo-Kobayashi-Maskawa matrix element |Vcb|,
many of the theoretical uncertainties on hadronic form
factors (FFs), and experimental reconstruction e↵ects.
Recently, LHCb measured the B̄

0
! D

⇤+
⌧
�
⌫̄⌧ mode us-

ing the three-prong decay ⌧
�
! ⇡

�
⇡
+
⇡
�(⇡0)⌫⌧ [19]. To

reduce the systematic uncertainty, Rhad(D⇤) = B(B̄0
!

D
⇤+

⌧
�
⌫̄⌧ )/B(B̄0

! D
⇤+

⇡
�
⇡
+
⇡
�) is measured with the

common final states between the numerator and the de-
nominator, and Rhad(D⇤) is converted to R(D⇤) by using
the world-average values for B(B̄0

! D
⇤+

⇡
�
⇡
+
⇡
�) and

B(B̄0
! D

⇤+
µ
�
⌫̄µ).

As of early 2016, the results from the three experi-
ments [13, 14, 16–18] were 1.9 and 3.3 standard devia-
tions (�) [20] away from the SM predictions of R(D) =

b c

q̄ q̄

W�

⌧�

⌫̄⌧

B̄ D(⇤)

FIG. 1. Feynman diagram of B̄ ! D(⇤)⌧�⌫̄⌧ for the SM
amplitude, where q̄ denotes ū or d̄.

0.299 ± 0.011 [21] or 0.300 ± 0.008 [22] and R(D⇤) =
0.252 ± 0.003 [23], respectively. The overall discrepancy
with the SM was about 4�. These deviations have been
theoretically studied in the context of various NP mod-
els [23–34].
In addition to R(D(⇤)), the polarizations of the ⌧

lepton and the D
⇤ meson are sensitive to NP [7, 23–

26, 28, 30, 33–35]. The ⌧ lepton polarization is defined
as

P⌧ (D
(⇤)) =

�+(D(⇤))� ��(D(⇤))

�+(D(⇤)) + ��(D(⇤))
, (2)

where �±(D(⇤)) denotes the decay rate of B̄ ! D
(⇤)

⌧
�
⌫̄⌧

with a ⌧ helicity of ±1/2. The SM predicts P⌧ (D) =
0.325 ± 0.009 [35] and P⌧ (D⇤) = �0.497 ± 0.013 [25].
For example, the type-II 2HDM allows P⌧ (D(⇤)) to be
between �0.6 and +1.0 for B̄ ! D⌧

�
⌫̄⌧ and between

�0.7 and +1.0 for B̄ ! D
⇤
⌧
�
⌫̄⌧ [25, 36], whereas a lep-

toquark model suggested in Ref. [28] with a leptoquark
mass of 1 TeV allows P⌧ (D⇤) to be between �0.5 and
0.0. P⌧ (D(⇤)) can be measured in two-body hadronic ⌧

decays with the di↵erential decay rate

1

�(D(⇤))

d�(D(⇤))

d cos ✓hel
=

1

2

h
1 + ↵P⌧ (D

(⇤)) cos ✓hel
i
, (3)

where ✓hel is the angle of the ⌧ -daughter meson momen-
tum with respect to the direction opposite the momen-
tum of the ⌧

�
⌫̄⌧ system in the rest frame of ⌧ . The pa-

rameter ↵ describes the sensitivity to P⌧ (D(⇤)) for each
⌧ -decay mode; in particular, ↵ = 1 for ⌧

�
! ⇡

�
⌫⌧ and

↵ = 0.45 for ⌧� ! ⇢
�
⌫⌧ [37].

In this paper, we describe details of the first P⌧ (D⇤)
measurement in the decay B̄ ! D

⇤
⌧
�
⌫̄⌧ with the ⌧ de-

cays ⌧
�

! ⇡
�
⌫⌧ and ⌧

�
! ⇢

�
⌫⌧ reported in Ref. [38].

Our study includes an R(D⇤) measurement independent
of previous studies [13, 14, 16–18], in which leptonic ⌧

decays have been used.

II. EXPERIMENTAL APPARATUS

We use the full ⌥(4S) data sample containing 772 ⇥

106BB̄ pairs recorded with the Belle detector [39] at the
asymmetric-beam-energy e

+
e
� collider KEKB [40]. The

Belle detector is a large-solid-angle magnetic spectrom-
eter that consists of a silicon vertex detector (SVD),
a 50-layer central drift chamber (CDC), an array of
aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight scintillation counters
(TOF) and an electromagnetic calorimeter (ECL) com-
prised of CsI(Tl) crystals located inside a superconduct-
ing solenoid coil that provides a 1.5 T magnetic field. An
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ing pairs of photons with an invariant mass ranging from
500 to 600 MeV/c2. We then extract the calibration
sample yield with the signal-side energy di↵erence �E

sig

or the beam-energy-constrained mass M sig
bc in the region

q
2
> 4 GeV2

/c
2 and | cos ✓hel| < 1. To calculate cos ✓hel,

we assume that (one of) the charged pion(s) is the ⌧

daughter. We use a ratio of the yield in the data to that
in the MC as the yield scale factor. If there is no observed
event in the calibration sample, we assign a 68% confi-
dence level upper limit on the scale factor. The above
calibrations cover about 80% of the hadronic B back-
ground. For the remaining B decay modes, we assume
100% uncertainty on the MC expectation.

In the signal extraction, we consider three B̄ !

D
⇤
⌧
�
⌫̄⌧ components: (i) the “signal” component con-

tains correctly-reconstructed signal events, (ii) the “⇢ $

⇡ cross feed” component contains events where the de-
cay ⌧

�
! ⇢

�(⇡�)⌫⌧ is reconstructed as ⌧� ! ⇡
�(⇢�)⌫⌧ ,

(iii) the “other ⌧ cross feed” component contains events
with other ⌧ decays such as ⌧

�
! µ

�
⌫̄µ⌫⌧ and ⌧

�
!

⇡
�
⇡
0
⇡
0
⌫⌧ . The relative contributions are fixed based

on the MC. We relate the signal yield and R(D⇤) as
R(D⇤) = (✏normNsig)/(B⌧ ✏sigNnorm), where B⌧ denotes
the branching fraction of ⌧

�
! ⇡

�
⌫⌧ or ⌧

�
! ⇢

�
⌫⌧ ,

and ✏sig and ✏norm (Nsig and Nnorm) are the e�ciencies
(the observed yields) for the signal and the normaliza-
tion mode. Using the MC, the e�ciency ratio ✏norm/✏sig

of the signal component in the B
� (B̄0) sample is esti-

mated to be 0.97± 0.02 (1.21± 0.03) for the ⌧
�
! ⇡

�
⌫⌧

mode and 3.42 ± 0.07 (3.83 ± 0.12) for the ⌧
�

! ⇢
�
⌫⌧

mode, where the quoted errors arise from MC statistical
uncertainties. The larger e�ciency ratio for the B̄0 mode
is due to the significant q

2 dependence of the e�ciency
in the D

⇤+
! D

0
⇡
+ mode. For P⌧ (D⇤), we divide the

signal sample into two regions cos ✓hel > 0 (forward) and
cos ✓hel < 0 (backward). The value of P⌧ (D⇤) is then pa-
rameterized as P⌧ (D⇤) = [2(NF

sig�N
B
sig)]/[↵(N

F
sig+N

B
sig)],

where the superscript F (B) denotes the signal yield in
the forward (backward) region. The detector bias on
P⌧ (D⇤) is taken into account with a linear function that
relates the true P⌧ (D⇤) to the extracted P⌧ (D⇤) (P⌧ (D⇤)
correction function), determined using several MC sets
with di↵erent P⌧ (D⇤) values. Here, other kinematic dis-
tributions are assumed to be consistent with the SM pre-
diction.
We categorize the background into four components.

The “B̄ ! D
⇤
`
�
⌫̄`” component contaminates the signal

sample due to the misassignment of the lepton as a pion.
We fix the B̄ ! D

⇤
`
�
⌫̄` background yield from the fit

to the normalization sample. For the “B̄ ! D
⇤⇤
`
�
⌫̄`

and hadronic B decay” component, we combine all the
modes into common yield parameters. One exception is
the decay into two D mesons such as B̄ ! D

⇤
D

⇤�
s and

B̄ ! D
⇤
D̄

(⇤)
K

�. Since these decays are experimentally
well measured, we fix their yields based on the world-
average branching fractions [47]. The yield of the “fake

Signal

τ cross feed
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FIG. 1. Fit result to the signal sample (all the eight samples
are combined). The main panel and the sub panel show the
EECL and the cos ✓hel distributions, respectively. The red-
hatched “⌧ cross feed” combines the ⇢ $ ⇡ cross-feed and
the other ⌧ cross-feed components.

D
⇤” component is fixed from a comparison of the data

and the MC in the �M sideband regions. The contri-
bution from the continuum e

+
e
�

! qq̄ process is only
O(0.1%). We therefore fix the yield using the MC expec-
tation.
We then conduct an extended binned maximum like-

lihood fit in two steps; we first perform a fit to the
normalization sample to determine its yield, and then
a simultaneous fit to eight signal samples (B�

, B̄
0) ⌦

(⇡�
⌫⌧ , ⇢

�
⌫⌧ ) ⌦ (backward, forward). In the fit, R(D⇤)

and P⌧ (D⇤) are common fit parameters, while the “B̄ !

D
⇤⇤
`
�
⌫̄` and hadronic B” yields are independent among

the eight signal samples. The fit result is shown in Fig. 1.
The obtained signal and normalization yields forB� (B̄0)
mode are, respectively, 210± 27 (88± 11) and 4711± 81
(2502± 52), where the errors are statistical.
The most significant systematic uncertainty arises from

the hadronic B decay composition (+7.7
�6.9%,

+0.13
�0.10), where

the first (second) value in the parentheses is the rela-
tive (absolute) uncertainty in R(D⇤) (P⌧ (D⇤)). The lim-
ited MC sample size used in the analysis introduces sta-
tistical fluctuations on the PDF shapes (+4.0

�2.8%,
+0.15
�0.11).

The uncertainties arising from the semileptonic B de-
cays are (±3.5%,±0.05). The fake D

⇤ background,
which dominates in this analysis, causes uncertainties
of (±3.4%,±0.02). Other uncertainties arise from the
reconstruction e�ciencies for the ⌧ daughter and the
charged lepton, the signal and normalization e�cien-
cies, the choice of the number of bins in the fit, the
⌧ branching fractions and the P⌧ (D⇤) correction func-
tion parameters. These systematic uncertainties account
for (±2.2%,±0.03). In addition, since we fix part of
the background yield, we need to consider the impact
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FIG. 2. Comparison of our result (star for the best-fit value
and 1�, 2�, 3� contours) with the SM prediction [22, 24] (tri-
angle). The shaded vertical band shows the world average [19]
without our result.

from the uncertainties that are common between the sig-
nal and the normalization: the number of BB̄ events,
the tagging e�ciency, the D branching fractions and the
D

⇤ reconstruction e�ciency. The total for this source is
(±2.3%,±0.02). In the calculation of the total system-
atic uncertainty, we treat the systematic uncertainties as
independent, except for those of the ⌧ daughter and the
D

⇤ reconstruction e�ciencies. The latter originate from
the same sources: the particle-identification e�ciencies
for K± and ⇡

± and the reconstruction e�ciencies for K0
S

and ⇡
0. We therefore account for this correlation. The

total systematic uncertainties are (+10.4
�9.4 %,

+0.21
�0.16). The

final results, shown in Fig. 2, are:

R(D⇤) = 0.270± 0.035(stat.)+0.028
�0.025(syst.),

P⌧ (D
⇤) = �0.38± 0.51(stat.)+0.21

�0.16(syst.).

The statistical correlation is 0.29, and the total correla-
tion (including systematics) is 0.33. Overall, our result is
consistent with the SM prediction. The obtained R(D⇤)
is independent of and also agrees with the previous Belle
measurements, R(D⇤) = 0.293 ± 0.038 ± 0.015 [13] and
0.302±0.030±0.011 [14], and with the world average [19].
Moreover, our measurement excludes P⌧ (D⇤) > +0.5 at
90% C.L.

In summary, we report a measurement of P⌧ (D⇤)
in the decay B̄ ! D

⇤
⌧
�
⌫̄⌧ as well as a new R(D⇤)

measurement with the hadronic ⌧ decay modes ⌧
�

!

⇡
�
⌫⌧ and ⌧

�
! ⇢

�
⌫⌧ , using 772 ⇥ 106 BB̄ events

recorded with the Belle detector. Our results, R(D⇤) =
0.270± 0.035(stat.) +0.028

�0.025(syst.) and P⌧ (D⇤) = �0.38±

0.51(stat.) +0.21
�0.16(syst.), are consistent with the SM pre-

diction. We have measured P⌧ (D⇤) for the first time,
which provides a new dimension in the search for NP in
semitauonic B decays.
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B→D* l ν (l=e,µ) & B → µ ν (Light lepton LFUV tests)
• First model independent |Vcb|exclusive with new Belle tagged approach. 

• B → µ ν untagged result finds 2.4 σ significance, compatible with SM 
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FIG. 2: Projections of the fitted distribution to data onto the

histogram axes in the signal-enhanced regions 0.84 < onn (top

plot) and 2.6GeV/c < p⇤µ < 2.85GeV/c (bottom plot).

number of events are fixed in the fit to the MC predic-381

tion. The fitted-yield components are the signal, B̄ !382

⇡`�⌫̄`, B̄ ! ⇢`�⌫̄`, the rest of the charmless semilep-383

tonic decays, BB̄, cc̄, uds, ⌧+⌧�, and e+e�µ+µ�. The384

fixed-yield components are µ+µ�, e+e�e+e�, e+e�uū,385

e+e�ss̄, and e+e�cc̄.386

To obtain the signal branching fraction, we fit the ratio387

R = NB!µ⌫̄µ/NB!⇡µ⌫̄µ . This ratio also helps to reliably388

estimate the fit uncertainty. The result of the fit is R =389

(1.66 ± 0.57) ⇥ 10�2, which is equivalent to signal yield390

of NB!µ⌫̄µ = 195 ± 67 and the branching fraction ratio391

of B(B� ! µ�⌫̄µ)/B(B̄ ! ⇡`�⌫̄`) = (4.45 ± 1.53stat) ⇥392

10�3. This result can be compared to the MC predic-393

tion of this ratio RMC = 114.6/11746 = 0.976 ⇥ 10�2,394

obtained assuming B(B ! µ⌫̄µ) = 3.80 ⇥ 10�7 and395

B(B̄ ! ⇡`�⌫̄`) = 1.45 ⇥ 10�4 (the PDG average [2]).396

The fitted value of R results in the branching fraction397

B(B ! µ⌫̄µ) = (6.46 ± 2.22) ⇥ 10�7, where the quoted398

uncertainty is statistical only. The statistical significance399

of the signal is 3.4 �, determined from the likelihood400

ratio of the fits with free signal component and with401

signal component fixed to zero. The fit result of the402

reference process B̄ ! ⇡`�⌫̄` agrees with the MC pre-403

diction to better than 10%. The projections of the fit-404

ted distribution in the signal-enhanced regions are shown405

in Fig. 2. The fit qualities of the displayed projections406

are �2/ndf = 27.6/16 (top panel) and �2/ndf = 29.1/25407

(bottom panel) taking into account only data uncertain-408

ties.409

The double ratioR/RMC benefits from substantial can-410

cellation of the systematic uncertainties from muon iden-411

tification, lepton and neutral-kaon vetos and the compan-412

ion B-meson decay mis-modelling, as well as partially413

cancelling trigger uncertainties and possible di↵erences414

in the distribution of the onn variable.415

In the signal region, the main background contribution416

comes from charmless semileptonic decays; in particu-417

lar, the main components B̄ ! ⇡`�⌫̄` and B̄ ! ⇢`�⌫̄`,418

which peak at high onn values, are carefully studied.419

With soft and undetected hadronic recoil, these decays420

are kinematically indistinguishable from the signal in an421

untagged analysis. For the B̄ ! ⇡`�⌫̄` component,422

we vary the form-factor shape within uncertainties ob-423

tained with the new lattice QCD result [4] and the pro-424

cedure described in Ref. [3], which was used to estimate425

the value of |Vub|. Since the form-factor is tightly con-426

strained, the contribution to the systematic uncertainty427

from the B̄ ! ⇡`�⌫̄` background is estimated to be only428

0.9%. For the B̄ ! ⇢`�⌫̄` component, the form-factors429

at high q2 or high muon momentum have much larger430

uncertainties and several available calculations are em-431

ployed [23, 24, 31], resulting in a systematic uncertainty432

of 12%.433

The rare hadronic decay B� ! K0
L⇡

�, where K0
L is434

not detected and the high momentum ⇡ is misidentified435

as a muon, is also indistinguishable from the signal decay436

and has a similar onn shape. This contribution is fixed437

in the fit and the signal yield di↵erence, with and with-438

out the B� ! K0
L⇡

� component, of 5.5% is taken as a439

systematic uncertainty since GEANT3 poorly models K0
L440

interactions with materials.441

The not-yet-discovered process B� ! µ�⌫̄µ� with a442

soft photon can mimic the signal decay. To estimate443

the uncertainty from this hypothetical background, we444

perform the fit with this contribution fixed to half of445

the best upper limit B(B� ! µ�⌫̄µ�) < 3.4 ⇥ 10�6 at446

90% C.L. by Belle [32] and take the di↵erence of 6% as447

the systematic uncertainty.448

Previous studies [12, 13] did not characterize these449

backgrounds in a detailed manner, which could have led450

to a substantial underestimation of the systematic uncer-451

tainties.452

In the region p⇤µ > 2.85 GeV/c, where only continuum453

events are present, we observe an almost linearly grow-454

ing data/fit di↵erence with maximum deviation ⇠ 20%455

at onn ⇠ 1. To estimate the uncertainty due to the level456

of data/MC agreement in the onn variable, we rescale lin-457

early with onn the continuum histograms used in the fit458

and refit, obtaining a 15% lower value of R. For peak-459

ing components such as the signal B� ! µ�⌫̄µ and the460

normalization decay B̄ ! ⇡`�⌫̄`, we use the fit/data461

ratio in the region p⇤µ < 2.5 GeV/c and apply it to462

the peaking components in the signal-region histograms463

(B� ! µ�⌫̄µ, B̄ ! ⇡`�⌫̄` and B̄ ! ⇢`�⌫̄`). Refitting464

produces an 11% higher value of R. Simultaneously ap-465

plying both e↵ects leads to only a 2% shift in the refitted466

3

sample that contains 772⇥10
6 BB̄ pairs, collected near the ⌥(4S) resonance with the Belle detector

at the KEKB asymmetric-energy e+e� collider.

PACS numbers: 13.20.-v, 14.40.Nd, 12.15.Hh, 12.38.Gc113

In the Standard Model (SM), the branching fraction
for the purely leptonic decay of a B� meson, assuming a
massless neutrino, is:

B(B� ! `�⌫̄`) =
G2

FmBm2
`

8⇡

✓
1� m2

`

m2
B

◆2

f2
B |Vub|2⌧B ,

(1)
where GF is the Fermi constant, mB and m` are the114

masses of the B meson and charged lepton, respectively,115

fB is the B-meson decay constant obtained from theory,116

⌧B is the lifetime of the B meson and Vub is the CKM117

matrix element governing the coupling between u and118

b quarks. The FLAG [1] average of lattice QCD calcu-119

lations gives fB = 0.186 ± 0.004 GeV, and the world-120

average value of ⌧B is 1.638± 0.004 ps [2]. For the value121

of |Vub|, we repeat the fit procedure described in Ref. [3],122

equipped with the most recent lattice QCD calculation123

by the FNAL/MILC collaborations [4] that provides a124

tight constraint on the hadronic form-factor f+(q2) gov-125

erning exclusive B̄0 ! ⇡+`�⌫̄` decays. The form-factor126

parameters for B̄0 ! ⇡+`�⌫̄` decay are also obtained127

with this procedure. The value of |Vub| thus obtained128

is |Vub| ⇥ 103 = 3.736 ± 0.142 with fit quality �2 = 47.9129

for 45 degrees of freedom. Using these values as input130

parameters for Eq. 1, the expected branching fractions131

for B� ! `�⌫̄` decays are displayed in Table I. Also132

shown in the Table are the expected numbers of events133

for B� ! `�⌫̄` decays in the full Belle data set, where134

we use B(⌥(4S) ! B+B�) = 0.514± 0.006 [2].135

TABLE I: The expected branching fractions and number of

events in the full Belle data sample of 772 ⇥ 10
6 BB̄ events

for the decay B� ! `�⌫̄`.

` BSM NBelle
SM

⌧ (8.45± 0.70)⇥ 10
�5

(670± 57)⇥ 10
2

µ (3.80± 0.31)⇥ 10
�7

301± 25

e (8.89± 0.73)⇥ 10
�12

0.0071± 0.0006

Due to the relatively small theoretical uncertainties136

within the SM framework, B� ! `�⌫̄` decays are good137

candidates for testing SM predictions and searching for138

phenomena that might modify them. For instance, the ef-139

fects of charged Higgs bosons in two-Higgs-doublet mod-140

els of type-II [5], the R-parity-violating Minimal Su-141

persymmetric Standard Model (MSSM) [6], or lepto-142

quarks [7], may significantly change the B� ! `�⌫̄` de-143

cay rates.144

Moreover, by taking the ratios of purely leptonic B�
145

decays, most of the input parameters in Eq. 1 cancel146

and very precise values are predicted. Predictions of the147

ratios B(B� ! ⌧�⌫̄⌧ )/B(B� ! e�⌫̄e) and B(B� !148

⌧�⌫̄⌧ )/B(B� ! µ�⌫̄µ) obtained within a general MSSM149

at large tan� [8] with heavy squarks [9] deviate from the150

SM expectations and the deviation can be as large as an151

order of magnitude in the grand unified theory frame-152

work [10].153

There have been several searches for the decay B� !154

µ�⌫̄µ to date [11–15] and no evidence of the decay has155

been found, with the most stringent limit of B(B� !156

µ�⌫̄µ) < 1.0 ⇥ 10�6 at 90% confidence level set by the157

BABAR collaboration using an untagged method [13].158

In this article, we present a search for the decay159

B� ! µ�⌫̄µ that also uses the untagged method. This160

study is based on a 711 fb�1 data sample that contains161

(772± 11)⇥106 BB̄ pairs, collected with the Belle detec-162

tor at the KEKB asymmetric-energy e+e� (3.5 on 8 GeV)163

collider [16] operating at the ⌥(4S) resonance.164

The Belle detector is a large-solid-angle magnetic spec-165

trometer that consists of a silicon vertex detector (SVD),166

a 50-layer central drift chamber (CDC), an array of aero-167

gel threshold Cherenkov counters (ACC), a barrel-like ar-168

rangement of time-of-flight scintillation counters (TOF)169

and an electromagnetic calorimeter comprised of CsI(Tl)170

crystals (ECL) located inside a superconducting solenoid171

coil that provides a 1.5 T magnetic field. An iron flux-172

return yoke located outside of the coil is instrumented173

to detect K0
L mesons and to identify muons (KLM). The174

detector is described in detail elsewhere [17]. Two inner175

detector configurations were used. A 2.0 cm beampipe176

and a 3-layer silicon vertex detector were used for the first177

sample of 152⇥106 BB̄ pairs, while a 1.5 cm beampipe, a178

4-layer silicon detector and a small-cell inner drift cham-179

ber were used to record the remaining 620 ⇥ 106 BB̄180

pairs [18].181

The data were collected at a center-of-mass energy of182

10.58GeV, corresponding to the ⌥(4S) resonance. The183

size of the data sample is equivalent to an integrated lu-184

minosity of 711 fb�1. We also utilise a sample of 79 fb�1
185

collected below the BB̄ threshold to characterize the con-186

tribution of the e+e� ! qq̄ process, so-called continuum,187

where q is either a u, d, s, or c quark; this is one of the188

major backgrounds.189

We use Monte Carlo (MC) samples based on the de-190

tailed detector geometry description implemented with191

the GEANT3 package [19] to establish the analysis tech-192

nique and study major backgrounds. Events with B-193

meson decays are generated using EvtGen [20]. The gen-194

erated samples include 2⇥ 106 signal events, a sample of195

generic BB̄ decays corresponding to ten times the inte-196

grated luminosity of the data, continuum corresponding197

to six times the data, B̄ ! Xu`�⌫̄` decays corresponding198
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We report the result of a search for the decay B� ! µ�⌫̄µ. The signal events are selected

based on the presence of a high momentum muon and the topology of the rest of the event showing

properties of a generic B-meson decay, as well as the missing energy and momentum being consistent

with the hypothesis of a neutrino from the signal decay. We find a 2.4 standard deviation excess

above background including systematic uncertainties, which corresponds to a branching fraction of

B(B� ! µ�⌫̄µ) = (6.46± 2.22± 1.60)⇥ 10
�7

or a frequentist 90% confidence level interval on the

B� ! µ�⌫̄µ branching fraction of [2.9, 10.7] ⇥ 10
�7

. This result is obtained from a 711 fb
�1

data

Search	for	B	→	µν	[PRL	in	preparaOon]	

•  Extracted	from	a	2d	fit	to	a	neural	network	variable	
and	the	muon	momentum	

•  2.4σ	significance	including	systemaOcs	

20	

|Vub|	

CLN	vs.	BGL	FF	parameterizaOon	

•  ReinterpretaOon	of	the	Belle	data	
(parallel	talk	by	Stefan	Schacht):	
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Submitted to  PRL 

this week! 
RSMµ = 1.7±0.7

Resolves exclusive-inclusive tension
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Loop: EWP decays
• In electroweak penguin decays there are many more tensions.

15

Phenomenology of b → sℓℓ  
• b → sℓℓ decays can theoretically be described by effective hamiltonian

7

i=7 : photon

i=9 : vector current

i=10 : axial-vector current

i= S,P : scalar, pseudo scalar 
operators

� Wilson coefficient Ci describe short distance effects, they are sensitive to NP

� Operators Oi depends on hadronic form factors, which usually dominate theoretical 
uncertainties

� B → ℓℓ : C10 CS CP

� B → Xs J : C7

� B → K* ℓℓ : C7 C9 C10

Justine Serrano

q2 = mℓℓ
2

• Wilson coefficients Ci describe short distance effects 

• Operators Oi depend on hadronic form factors

i=7 photon 

i=9 vector current 
i=10 axial-vector current 

i=S, P scalar, pseudo 
scalar operators

Phenomenology of b → sℓℓ  
• b → sℓℓ decays can theoretically be described by effective hamiltonian

7

i=7 : photon

i=9 : vector current

i=10 : axial-vector current

i= S,P : scalar, pseudo scalar 
operators

� Wilson coefficient Ci describe short distance effects, they are sensitive to NP

� Operators Oi depends on hadronic form factors, which usually dominate theoretical 
uncertainties

� B → ℓℓ : C10 CS CP

� B → Xs J : C7

� B → K* ℓℓ : C7 C9 C10

Justine Serrano

q2 = mℓℓ
2

B→ X γ  C7 
B→ l+ l-  C10, CS,P  

B→ X l+ l-  C7, C9, C10 

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

Angular analyses reveal nature of propagators.
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B → K(*) µ µ, B → K(*) e e
• Consistent picture, tensions solved simultaneously by a modified 

vector coupling (∆C9 != 0) at >3σ  

• Could still be hadronic effects —  c anti-c loop

16

LHCb PRL 118, 251802 (2017)

LHCb JHEP 11, 047 (2016)

LHCb JHEP 04, 142 (2017)

CMS PLB 753, 424 (2016)

Belle PRL 118, 111801 (2017)

Babar PRD 93, 052015 (2016)

Full angular analysis of B ! K⇤ll

2017 ATLAS & CMS results, and lepton-flavor-dependent
angular analysis by Belle

Belle: PRL 118, 111801 (2017)

• Largest deviation of 2.6�
from the SM for the muon
channel for
4 < q2 < 8 GeV4/c2.

• Electron channel deviation
of 1.1�.

• Belle II and LHCb will be
comparable for this process.

• Belle II will be able to
perform an isospin
comparison of K⇤+ and
K⇤0, or the ground states
K.

Plot: S. Wehle
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10.09 - 12.00 0.344 0.049

14.18 - 19.00 0.248 0.033

P. Goldenzweig Belle II & correlation w/HL-LHC 31.10.2017 19 / 36

  40

Tension with SM in the P
5
' observable

● Dimuon pair is predominantly spin-1
– either vector (V) or axial-vector (A)

● There are 6 non-negligible amplitudes
– 3 for VV and 3 for VA (K*0μ+μ–)
– expressed as AL,R

0,┴,║ (transversity basis)

● P5' related to difference between relative phase of longitudinal (0) 
and perpendicularly (┴) polarised amplitudes for VV and VA
– constructed so as to minimise form-factor uncertainties

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

10
('))

JHEP 02 (2016) 104

Tim Gershon
Precision measurements

Flavour Session: D. Lancierini, N. Sahoo

Capdevilla et al. arXiv: 1704.05340Sensitive to interference 
between Z/γ/W diagrams
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LFUV B → K(*) µ µ, B → K(*) e e

• R(K*) directly measured by LHCb   

• Low q2 : 2.1-2.3σ below SM  
Central q2 : 2.4-2.5σ below SM 

• LFUV probed in angular analysis by 
Belle — µ (e) 2.6 (1.1) σ tension to SM 

17
11 July 2017 Ulrik Egede 14/31

Multiple tensions

In electroweak penguin decays there are many more tensions

Branching fractions, angular observables, lepton non-universality

Compare                       with

Measure double ratio with respect to                      to minimise uncertainty from 
lepton identification 

ArXiv:1705.05802

B
0→K∗0

e
+
e

−
B

0→K∗0μ+μ−

B
0→K∗0

J /ψ 4

meson candidates, where the charge of the kaon or pion
defines the charge or flavor of the B meson. The par-
ticle selection criteria lead to combinatorial background
that is suppressed by applying requirements on the beam-
energy constrained mass, Mbc =

p
E2

beam/c
4 � |~pB |2/c2,

and the energy di↵erence, �E = EB �Ebeam, where EB

and ~pB are the energy and momentum, respectively, of
the reconstructed candidate in the ⌥(4S) rest frame and
Ebeam is the beam energy in the center-of-mass frame.
Correctly reconstructed candidates are centered at the
nominal B mass in Mbc and at zero in �E. Candi-
dates that satisfy 5.22 GeV/c2 < Mbc < 5.30 GeV/c2

and �0.10 (�0.05) GeV < �E < 0.05 GeV for the
electron (muon) modes are retained. Large irreducible
background contributions arise from charmonium decays
B ! J/ K⇤ and B !  (2S)K⇤, in which the cc̄
state decays into two leptons. These decays are ve-
toed with the requirements �0.25 (�0.15) GeV/c2 <
M``�mJ/ < 0.08 GeV/c2 and �0.20 (�0.10) GeV/c2 <
M`` � m (2S) < 0.08 GeV/c2 for the electron (muon)
modes. In the electron case, the veto is applied twice:
with and without the bremsstrahlung-recovery treat-
ment. Di-electron background from photon conversions
(� ! e+e�) and ⇡0 Dalitz decays (⇡0 ! e+e��) is re-
jected by requiring Mee > 0.14 GeV/c2.

To maximize signal e�ciency and purity, neural net-
works are utilized sequentially from the bottom to the
top of the decay chain, transferring the output probabil-
ity from each step to the subsequent step so that the most
e↵ective selection requirements are applied in the last
stage based on all information combined. For all particle
hypotheses, a neural network is trained to separate signal
from background and an output value, oNB, is calculated
for each candidate. The classifiers for e±, µ±,K±, K0

S ,
⇡0, and ⇡± are taken from the neural-network-based full
event reconstruction described in Ref. [16]. For K⇤ se-
lection, a classifier is trained on MC samples using kine-
matic variables and vertex fit information. The final clas-
sification is performed with a requirement on oNB for each
B decay channel using event-shape variables (i.e., mod-
ified Fox-Wolfram moments [17]), vertex fit information,
and kinematic variables as input for the classifier. The
most important variables for the neural networks are�E,
the reconstructed mass of the K⇤, the product of the net-
work outputs of all secondary particles, and the distance
between the two leptons along the beam direction �z``.
If multiple candidates are found in an event (less than
2% of the time), the most probable candidate is chosen
based on oNB. The selection requirements for the neural
networks are optimized by maximizing the figure of merit
ns/

p
ns + nb separately for the electron and muon chan-

nels, where ns and nb are the expected numbers of signal
and background candidates, respectively, calculated from
MC.

Signal and background yields are extracted by an un-
binned extended maximum likelihood fit to the Mbc dis-
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FIG. 1. Distribution of the beam-energy constrained mass

for selected B ! K⇤e+e� (left) and B ! K⇤µ+µ�
(right).

Combinatorial background (shaded blue), signal (red filled)

and total (solid) fit functions are superimposed on the data

points

tribution of B ! K⇤`+`� candidates, presented in Fig. 1,
where the signal is parametrized by a Crystal Ball func-
tion [18] and the background is described by an ARGUS
function [19]. The signal shape parameters are deter-
mined from a fit to B ! J/ K⇤ data in the correspond-
ing q2 veto region while the background shape parame-
ters are allowed to float in the fit. In total 127± 15 and
185 ± 17 signal candidates are obtained for the electron
and muon channels, respectively.
The analysis is performed in four independent bins of

q2, as detailed in Table I, with an additional bin in the
range 1.0 GeV2/c2 < q2 < 6.0 GeV2/c2, which is favored
for theoretical predictions [6]. To make maximum use
of the limited statistics, a data-transformation technique
[20, 21] is applied, simplifying the di↵erential decay rate
without losing experimental sensitivity. The transforma-
tion is applied to specific regions in the three-dimensional
angular space, exploiting the symmetries of the cosine
and sine functions to cancel terms in Eq. 1. With the
following transformations to the dataset, the data are
sensitive to the observable of interest:

P 0
4, S4 :

8
><

>:

�! �� for � < 0

�! ⇡ � � for ✓` > ⇡/2

✓` ! ⇡ � ✓` for ✓` > ⇡/2,

(3)

P 0
5, S5 :

(
�! �� for � < 0

✓` ! ⇡ � ✓` for ✓` > ⇡/2.
(4)

With this procedure, the remaining observables are the
K⇤ longitudinal polarization, FL, the transverse polar-

ization asymmetry, A(2)
T = 2S3/(1 � FL), and P 0

4 or P 0
5.

Two independent maximum likelihood fits for each bin
of q2 are performed to the angular distributions to ex-
tract the P 0

4,5 observables. The fits are performed using
the data in the signal region of Mbc of all decay channels
and separately for the electron and muon mode. The sig-
nal (background) region is defined as Mbc � 5.27 GeV/c2

B→ K* e e B→ K* µ µ

Belle

Flavour Session: D. Lancierini, N. Sahoo

LHCb PRL 118, 251802 (2017)

LHCb JHEP 11, 047 (2016)

LHCb JHEP 04, 142 (2017)

CMS PLB 753, 424 (2016)

Belle PRL 118, 111801 (2017)

Babar PRD 93, 052015 (2016)
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B→ τ τ, B→ µ µ
• Bs→µµ 5 σ from 1 experiment (partial Run-2) 

• Most precise searches for B → τ τ but still far off SM level

18

ATLAS EPJC 76, 513 (2016) 

LHCb PRL 118, 191801 (2017)

LHCb PRL 118, 251802 (2017)

B(s) → W+W-

• Experimentally very challenging due to 
final state neutrinos

• LHCb uses τ-→ π- π+ π-Q decay
• Fit the output of a NN using Run1 data

11

30 101.2)( ��� u�o WWBBR

30 108.6)( ��� u�o WWsBBR

• First experimental result on the Bs

• Best limit on B0

• Still orders of magnitude above SM but 
proof of concept that rare decays into 
taus can be done at hadron collider

PRL118(2017)251802
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B(s) → μ+μ-

• New LHCb analysis : 3fb-1 Run1 + 1.4 fb-1 Run2

• First single experiment observation (7.8σ)

• First measurement of effective lifetime
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Not yet sensitive to A'Γ, but will become 
interesting with future runs!
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SM predictions ee µµ ττ 
B0 (2.48±0.21)10-15 (1.06±0.09)10-10 (2.22±0.19)10-8

Bs (8.54±0.55)10-15 (3.65±0.23)10-9 (7.73±0.49)10-7
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B → K(*) ν ν & B→ K* γ
• Best limits on B → K(*) ν ν set by Belle semileptonic tag  

BR Could be greatly enhanced in NP scenarios 

• New probes of NP in isospin (first evidence) and direct CP asymmetries 
(SM-compatible) in K* γ at Belle
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5

nents to MC expectations and leave only the signal and
the overall background yields as freely floating parame-
ters. We perform extensive toy MC studies to estimate
the sensitivity of our procedure. For this purpose, we
simulate 1000 background-only samples for each channel
and calculate an expected limit on the signal yield by
integrating the profile likelihood up to the point where
it includes 90% of the positive region. We also simulate
samples with various numbers of signal events to test for
a possible bias. We find a non-negligible but modest bias
in almost all investigated channels. We fit this bias with
a linear function, whose slope is consistent with 1.0 and
whose intercept lies between 0 and �2 events. We correct
for this bias in our fit to data.

(a) B+ ! K+⌫⌫̄ (b) B0 ! K0
S ⌫⌫̄

(c) B+ ! K⇤+⌫⌫̄ (d) B0 ! K⇤0⌫⌫̄

(e) B+ ! ⇡+⌫⌫̄ (f) B0 ! ⇡0⌫⌫̄

(g) B+ ! ⇢+⌫⌫̄ (h) B0 ! ⇢0⌫⌫̄

FIG. 2: EECL distributions for all eight B ! h⌫⌫̄
channels.

The fit results are listed in Table Ia; Fig. 2 shows the
distributions of the data together with the fitted signal

and background models. The fit yields no significant sig-
nal in any channel. The largest signal contribution is
observed in the B+ ! K⇤+⌫⌫̄ channel with a signif-
icance of 2.3�. The significance is defined by evaluat-
ing the likelihood of the complete model Lmax and the
background-only likelihood L0: S =

p
2 log (Lmax/L0).

Both are evaluated at their respective best fitting point.
We calculate the branching fraction of the i-th mode by
Bi = N i

sig/
�
"irec ⇥ NBB

�
, where the reconstruction ef-

ficiency "irec includes all daughter branching fractions.
These e�ciencies, along with the expected and measured
90% confidence level (C.L.) upper limit [26] for each
channel, are displayed in Table Ib.

TABLE I: Results

(a) Observed signal yield (corrected for fitting bias) in each
channel. The first error is statistical and the second is

systematic.

Channel Observed signal yield Significance

K+⌫⌫̄ 17.7 ± 9.1 ± 3.4 1.9�
K0

S ⌫⌫̄ 0.6 ± 4.2 ± 1.4 0.0�
K⇤+⌫⌫̄ 16.2 ± 7.4 ± 1.8 2.3�
K⇤0⌫⌫̄ �2.0 ± 3.6 ± 1.8 0.0�
⇡+⌫⌫̄ 5.6 ± 15.1 ± 5.9 0.0�
⇡0⌫⌫̄ 0.2 ± 5.6 ± 1.6 0.0�
⇢+⌫⌫̄ 6.2 ± 12.3 ± 2.4 0.3�
⇢0⌫⌫̄ 11.9 ± 9.0 ± 3.6 1.2�

(b) Expected (median) and observed upper limits on the
branching fraction at 90% C.L. The observed limits include

the systematic uncertainties.

Channel E�ciency Expected limit Observed limit

K+⌫⌫̄ 2.16⇥ 10�3 0.8⇥ 10�5 1.9⇥ 10�5

K0
S ⌫⌫̄ 0.91⇥ 10�3 1.2⇥ 10�5 1.3⇥ 10�5

K⇤+⌫⌫̄ 0.57⇥ 10�3 2.4⇥ 10�5 6.1⇥ 10�5

K⇤0⌫⌫̄ 0.51⇥ 10�3 2.4⇥ 10�5 1.8⇥ 10�5

⇡+⌫⌫̄ 2.92⇥ 10�3 1.3⇥ 10�5 1.4⇥ 10�5

⇡0⌫⌫̄ 1.42⇥ 10�3 1.0⇥ 10�5 0.9⇥ 10�5

⇢+⌫⌫̄ 1.11⇥ 10�3 2.5⇥ 10�5 3.0⇥ 10�5

⇢0⌫⌫̄ 0.82⇥ 10�3 2.2⇥ 10�5 4.0⇥ 10�5

We estimate the uncertainty on the fixed fractions, the
K0

L veto e�ciency, the continuum scaling, the tagging ef-
ficiency, and the fit bias correction by refitting the data
with each of these quantities varied by ±1�. We estimate
the shape uncertainty by simulating 1000 toy templates
obtained by drawing a random number from a Gaussian
distribution with the mean and error of the respective
bin of our fit model as the central value and deviation.
The ±1� quantiles of the resulting distribution are used
as estimators of the uncertainty. We estimate the uncer-
tainty on the ⇡0 and charged track vetoes by comparing
the respective e�ciency di↵erences between data and MC

6

for the B ! D⇡ sample with and without the veto ap-
plied. We obtain a value of 4% in both cases for charged
and neutral channels alike. We evaluate the influence
of the requirement on the number of raw tracks via the
same sample by setting it to two and zero, respectively.
We subsequently average the contributions and obtain a
value of 1%. The uncertainty on the calibration (9.6%)
includes the uncertainty on the correction of NBB (1.4%)
and the uncertainty on B (B ! D⇡). Based on studies
using dedicated control samples, we assign 2.0%, 4.0%,
and 2.2% for the uncertainties on PID e�ciency, ⇡0 ef-
ficiency and K0

S e�ciency, respectively. The systematic
uncertainty is included by convolving the likelihood func-
tion with a Gaussian with zero mean and a width equal to
the square root of the quadratic sum of the additive and
multiplicative error. The additive uncertainty is defined
as the uncertainty on the signal yield, and contributions
are summarized in Table II. A comparison of our results
with previous ones is presented in Fig. 3.

K+��̄ K�+��̄ K�0��̄ �0��̄�+��̄K0
S��̄ �0��̄ �+��̄

B decay channel

10�6

10�5

10�4

lim
it

on
B

@
90

%
C

L

BaBar hadronic

Belle hadronic

BaBar semileptonic

SM prediction

Belle semileptonic

FIG. 3: Observed limits for all channels in comparison
to previous results for the BaBar measurement with
semileptonic [9] and hadronic tag [8], as well as the

Belle measurement utilizing hadronic tagging [7]. The
theoretical predictions are taken from Ref. [2].

The systematic uncertainties are evaluated using in-
dependent samples of MC and data control samples for
charged and neutral modes. They can therefore be con-
sidered uncorrelated. Thus, we combine charged and
neutral modes by adding the negative log likelihoods. We
scale the branching fraction of the neutral modes by a
factor of ⌧B+/⌧B0 since the lifetime di↵erence is the only
factor distinguishing charged from neutral B ! h⌫⌫̄ de-
cays in the SM. We subsequently repeat the calculation

of the limit and obtain the following values at 90% C.L.:

B(B ! K⌫⌫) < 1.6 ⇥ 10�5,

B(B ! K⇤⌫⌫) < 2.7 ⇥ 10�5,

B(B ! ⇡⌫⌫) < 0.8 ⇥ 10�5,

B(B ! ⇢⌫⌫) < 2.8 ⇥ 10�5.

Based on the values and theoretical uncertainties from
Ref. [2], we also give a limit on the ratios between the
measured branching fractions of B ! K⌫⌫ and of B !
K⇤⌫⌫ and the respective SM prediction RK⇤ . We obtain
values of RK < 3.9 and RK⇤ < 2.7, respectively, where
we included the theoretical uncertainty. Both values are
quoted at 90% C.L.
In summary, we report the results of a search for eight

di↵erent B decay channels with a pair of neutrinos in
the final state, where the second B is reconstructed in
one of 108 semileptonic decay channels. No significant
signal is observed and limits are set on the respective
branching fractions at a confidence level of 90%. The
limits on the branching fraction for the B0 ! K0

S ⌫⌫̄ ,
B0 ! K⇤0⌫⌫̄, B+ ! ⇡+⌫⌫̄, B0 ! ⇡0⌫⌫̄, B+ ! ⇢+⌫⌫̄,
and B0 ! ⇢0⌫⌫̄ channels are the most stringent to
date. Although our analysis yields important improve-
ments, none of these limits excludes SM predictions
and all of them leave room for contributions from new
physics.
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B → K*J
• Isospin asymmetry

• CP asymmetry, very small in the SM
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• CP asymmetry, very small in the SM
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Belle II / SuperKEKB

20

• Super Flavour Factory at KEK (2018 first collisions) 

• 40x increase in luminosity, target 8 x 1035 cm-2 s-1 
• Compared to KEKB: 20x smaller vertical beam size “World’s most complicated 

superconducting magnet system” and  2x current  

• First turns in Feb 10, 2016! 5 Months operation

LER (e+) Beam 
dose
HER (e-) Beam 
dose

1 Amp current
In LER

Phase 1 Beam Background Study

7- detector system providing :
• Thermal neutron rate
• Fast neutron tracking
• Neutral and charged dose rates
• EM spectrum and dose
• Bunch-by-bunch injection background
• More…

10

Interaction region during Phase 1 Beam background
Change beam size to decompose Touschek 
(intra-bunch Coulomb) and beam-gas 
scatterings  

LER(e+)

HER(e-)

Beam Exorcism for A Stable ExperimenT
Dedicated Background Monitors

Beam scrubbing

Analysis with BEAST Detector
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Belle II Upgrades

21

Belle II upgrades

10

Central beam pipe: decreased diameter from 
3cm to 2cm (Beryllium)

Vertexing: new 2 layers of pixels, upgraded 4 
double-sided layers of silicon strips

Tracking: drift chamber with smaller cells, 
longer lever arm, faster electronics

PID: new time-of-flight (barrel) and proximity 
focusing aerogel (endcap) Cherenkov detectors

EM calorimetry: upgrade of electronics and 
processing with legacy CsI(Tl) crystals

K
L
 and ᶞ:  scintillators replace RPCs (endcap 

and inner two layers of barrel)

Belle II upgrades

10

Central beam pipe: decreased diameter from 
3cm to 2cm (Beryllium)

Vertexing: new 2 layers of pixels, upgraded 4 
double-sided layers of silicon strips

Tracking: drift chamber with smaller cells, 
longer lever arm, faster electronics

PID: new time-of-flight (barrel) and proximity 
focusing aerogel (endcap) Cherenkov detectors

EM calorimetry: upgrade of electronics and 
processing with legacy CsI(Tl) crystals

K
L
 and ᶞ:  scintillators replace RPCs (endcap 

and inner two layers of barrel)
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Belle II Reconstruction
• Novel silicon—dedicated tracking. Good for D* recon. <pπ-slow> ~ 100 MeV. 

• Impact parameters: σd0 Belle II ~ 0.5 x σd0 Babar 

• Vertex: σz Belle II ~ 0.5 x σz Belle 

• Mass: σM Belle II ~ 0.7 x σM Belle
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FIG. 11: Left: Tracking e�ciency with (top) and without (bottom) background as a
function of pt. Right: Low pt region.

 (GeV/c)
t

p
0 0.5 1 1.5 2 2.5 3 3.5

0.1
0.2
0.3

0.4
0.5
0.6

0.7
0.8
0.9

1

vxdtf1, no bkg          

vxdtf2, no bkg          

 (GeV/c)
t

p
0 0.5 1 1.5 2 2.5 3 3.5

0.1
0.2
0.3

0.4
0.5
0.6

0.7
0.8
0.9

1

γvxdtf1, std bkg + 2 

γvxdtf2, std bkg + 2 

FIG. 12: Number of tracks with PXD hits for the two VXDTF algorithms in no
background (left) and background (right) cases.
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Track efficiency

Some of Our Reference Plots

12

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

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

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

0 0.5 1 1.5 2 2.5 3 3.5 4

-210

Momentum resolution

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

IP resolution
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Belle II Reconstruction
• Photon resolution and lepton ID as good as Belle even under high beam background 

• K/π separation ~3x better in TOP/ARICH acceptance region

23
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FIG. 1: Photon energy resolution as function of true photon energy for the di↵erent
subdetectors.
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FIG. 2: Photon energy resolution as function of true photon energy for Phase 2 and 3.
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1 Reconstruction Software
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Fig. 23: Fake rates versus e�ciencies for K/⇡ (left) and ⇡/K (right) separation in release-

00-07-00. The coloured lines show the ROC curves for di↵erent momentum regions. The

markers represent di↵erent cuts on the likelihood ratio.
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Fig. 24: Kaon detection e�ciency and pion fake rate for low momentum tracks from

release-00-05-03. The performance is determined using only those tracks that are within

the acceptance of the detector of interest. That is, the denominator for the e�ciency is

di↵erent for each detector.

detectors and algorithms. There is no single variable that provides significant separation 719

power alone. The three most important variables that have the best proven separation in 720

the KLM are as follows. 721

� Distance to the next track: neutral clusters are not likely to have a nearby track. 722

� Cluster timing: fake clusters from beam backgrounds are likely to be not in time with 723

the collision tact. 724
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Fig. 15: Muon e�ciency (solid, left-axis scale) and pion fake rate (dashed, right-axis scale)

for three values of the log-likelihood-di↵erence cut: �min = 0 (black), 10 (blue), and 20 (red)

as a function of momentum (top left), polar angle (top right), and azimuthal angle (bottom

left). Muon ine�ciency as a function of � vs ✓ (bottom right), illustrating the geometric

ine�ciencies at the sector boundaries (8 horizontal enhancements in the barrel; 4 horizontal

enhancements in each endcap) and in the vicinity of the solenoid chimney.

describe the full-width half-max and the mean of the Gaussian (CB) function, respectively.612

↵ describes the length of the tail, n describes the slope of the tail, and fr is the fraction of613

the convoluted probability distribution function which is taken from the CB function.614

These parameters vary with momentum and polar angle of the ECL shower associated615

with the electron. As such, a data file was created which contains the fit parameters for all616

possible combinations of 39 di↵erent momentum ranges and 4 di↵erent polar angle ranges.617

The closest combinatorial range is chosen by the ECL Electron ID Module and the associated618

stored parameters are used in fitting the E/p distribution of the unknown particle. Finally,619

a fit quality is used to calculate a log likelihood for determining the type of particle cause620

the ECL shower.621

Separation between electrons and muons is quite good for su�ciently energetic parti-622

cles (i.e. muons with p > 0.3 GeV/c which are thus able to reach the KLM). Separation623

between electrons and pions, however, is much more di�cult. This is particularly true for624
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Photon/electron 
energy resolution

Muon ID

K/π separation

Belle II upgrades

10

Central beam pipe: decreased diameter from 
3cm to 2cm (Beryllium)

Vertexing: new 2 layers of pixels, upgraded 4 
double-sided layers of silicon strips

Tracking: drift chamber with smaller cells, 
longer lever arm, faster electronics

PID: new time-of-flight (barrel) and proximity 
focusing aerogel (endcap) Cherenkov detectors

EM calorimetry: upgrade of electronics and 
processing with legacy CsI(Tl) crystals

K
L
 and ᶞ:  scintillators replace RPCs (endcap 

and inner two layers of barrel)

Electron Efficiency
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 p < 5.0 GeV/c≤1.5 

Fig. 19: Electron e�ciency against pion fake rate as calculated using the delta log likelihood.

This is shown for all particles, low-momentum particles, mid-momentum particles, and high-

momentum particles.

and timing information can be used in the future to provide particle lists of di↵erent e�-682

ciency and purity.683

684

The reconstruction of ⇡0s from ⇡0 ! �� is based on the combination of two photon candi-685

dates. For ⇡0 energies below about 1GeV the angular separation between the two photons686

is usually large enough to produce two non–overlapping ECL clusters. For ⇡0 energies above687

about 1 GeV but below about 2.5 GeV, the ECL clusters from the two photons overlap but688

can still be reconstructed as two separate photon candidates in the ECL. The ⇡0 energy can689

be directly reconstructed from the photon 4-momenta. The ⇡0 energy resolution is improved690

by performing a mass constrained fit of the two photon candidates to the nominal ⇡0 mass.691

It is planned to use multivariate classifiers to provide purer ⇡0 particle lists. A low photon692

energy threshold is mandatory to obtain a high ⇡0 e�ciency for generic B decays: A 50 MeV693

threshold for both photons results in a ⇡0 e�ciency of 76 %, 30 MeV in 93 % and 20 MeV in694

98 %.695

696

For ⇡0 energies above about 2.5 GeV, e.g. from B ! ⇡0⇡0, the two photon induced showers697

often do not have separate local maxima anymore and are reconstructed as one photon698

candidate. The ⇡0 energy can be deferred from the showers second moment shower shape699

variable that is available since release-00-08-00.700

1.6.2. K0
L identification. The identification of K0

L mesons is based on information collected701

by the KLM and ECL detectors. The detector material of the KLM provides > 3.9 hadronic702

inter action lengths �0 and the ECL provides ⇡ 0.8 �0.703

Multivariate methods are used to classify ECL clusters and KLM clusters according to their704

probability to originate from a K0
L.705
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Belle II Collaboration
• 784 collaborators, 106 institutions, 25 countries/regions

24

Japan: 149 

Asia (!Japan): 200 
(India: 9 inst., 44 coll.)

Australia: 33  

Europe: 260 

Russia: 42 

NC-America: 133
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SuperKEKB / Belle II Luminosity projections

25

5-10 ab-1 
Major Milestone

Fu
ll 

de
te

ct
or

N
o 

VX
D

Phase 2: 
Peak luminosity reaches  

1 x 1034 cm-2s-1 (Belle) 
20 fb-1  for physics near Y(4S)

Phase 3: 
50 ab-1 by 2025 

50x Belle, 100x Babar 

Early 2019: “Phase 3”

Feb 1, 2018: Global cosmic ray runs. 

Feb 23, 2018:  First HER beam. Belle II off. 

March 2, 2018: First LER beam. 

April 2018: First collisions “Phase 2” 

July 2018: End of commissioning run.

Flavour MILESTONE
5-10 ab-1
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2016 2017 2018 2019

Phase 1 Phase 2 Phase 3

14

Phase I (complete)

● Circulate both beams; no 
collisions, no Belle

● Tune accelerator optics, etc.

● Vacuum scrub

● Beam studies with “BEAST II”

14

Phase I (complete)

● Circulate both beams; no 
collisions, no Belle

● Tune accelerator optics, etc.

● Vacuum scrub

● Beam studies with “BEAST II”
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• Phase I (complete): Circulate both 
beams, no collisions, no Belle II. 
Tune accelerator optics. 
Beam studies with BEAST II early 
2016
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2016 2017 2018 2019

Phase 1 Phase 2 Phase 3

14

Phase I (complete)

● Circulate both beams; no 
collisions, no Belle

● Tune accelerator optics, etc.

● Vacuum scrub

● Beam studies with “BEAST II”
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Phase I (complete)

● Circulate both beams; no 
collisions, no Belle

● Tune accelerator optics, etc.

● Vacuum scrub

● Beam studies with “BEAST II”
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• Phase I (complete): Circulate both 
beams, no collisions, no Belle II. 
Tune accelerator optics. 
Beam studies with BEAST II early 
2016

• Install final focusing magnet 
systems (complete) late 2016

26

2016 2017 2018 2019

Phase 1 Phase 2 Phase 3

15

Install final focusing magnet 
systems (complete)
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• Phase I (complete): Circulate both 
beams, no collisions, no Belle II. 
Tune accelerator optics. 
Beam studies with BEAST II early 
2016

• Install final focusing magnet 
systems (complete) late 2016

• Belle II roll-in (complete) March 
2017

26

2016 2017 2018 2019

Phase 1 Phase 2 Phase 3

16

Belle roll-in (complete)
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2016 2017 2018 2019

Phase 1 Phase 2 Phase 3

17

Belle subdetector installation

● Barrel Cherenkov PID detector (TOP) installed 

May 2016
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Belle II Detector Installation

• Barrel Cherenkov particle ID (TOP) 
installed May 2016

27
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Phase 1 Phase 2 Phase 3
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Belle subdetector installation

● Barrel Cherenkov PID detector (TOP) installed 

May 2016
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Belle II Detector Installation

• Barrel Cherenkov particle ID (TOP) 
installed May 2016

• Drift chamber (CDC) installed October 
2016

27

2016 2017 2018 2019

Phase 1 Phase 2 Phase 3

18

Belle subdetector installation

● Barrel Cherenkov PID detector (TOP) installed 

May 2016
● Drift chamber (CDC) installed October 2016
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Belle II Detector Installation

• Barrel Cherenkov particle ID (TOP) 
installed May 2016

• Drift chamber (CDC) installed October 
2016

• End-cap Cherenkov particle ID (ARICH) 
integration August 2017

27

2016 2017 2018 2019

Phase 1 Phase 2 Phase 3

19

Belle subdetector installation

● Barrel Cherenkov PID detector (TOP) installed 

May 2016
● Drift chamber (CDC) installed October 2016
● Endcap Cherenkov PID detector (ARICH) 

integration completed last week (left)

● Central vertexing detectors (SVD+PXD) 

assembling; will be integrated after Phase 2

● Other installation and upgrade work ongoing
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Belle II Detector Installation

• Barrel Cherenkov particle ID (TOP) 
installed May 2016

• Drift chamber (CDC) installed October 
2016

• End-cap Cherenkov particle ID (ARICH) 
integration August 2017

• Global Cosmic Run DAQ July 2017—
• Vertex detector will be integrated after 

phase 2

27

2016 2017 2018 2019

Phase 1 Phase 2 Phase 3

Now

SuperKEKB/Belle II schedule

KLM

KLM

TOP

TOP
CDC

CDC

ECL

• Belle II global cosmic run (July - August 2017) 
• Final 1.5T solenoid field

• Readout integration of installed sub-detectors and 

central DAQ in progress

Hits in four outer subdetectors
Belle II control room

24



SUSY 2017, B-physics & Belle II Phillip URQUIJO

Dark Sectors in early data (aside: not B-physics)
• In 2018 new Belle II triggers will be used to search for 

dark matter and dark photons.

28

Dark Sector Physics at BaBar and Belle II (Torben Ferber)

Belle II: Dark Photons to invisible (``Single photon search’’)

16

]2 [GeV/cχm
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Scalar Relic Target
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B2TIP, to be submitted to PTEP (2017).
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Belle II: b→s Loop

• Probe LFUV to few % accuracy each in B→K/K*/Xs l l 
through full q2 range:  better Ee- resolution than LHCb 

• Time dependent CP-violation in B → η’ KS will reach 
0.015 precision by 50 ab-1 — stat. limited 
TDCPV b→s tests to be dominated by Belle II

29

Belle II 50 ab-1

Belle II 5 ab-1

1 Time Dependent CP Violation of B mesons and the determination of �1, �2

t (ps)Δ
10− 5− 0 5 10

As
ym

m
et

ry

0.4−

0.2−

0

0.2

0.4
Belle II -1 L = 50 ab∫

  (S = 0.70)
S

 KψJ/
     (S = 0.55)

S
' Kη

Fig. 1: Time dependent CP asymmetries for the final states J/ K
0
S
(red dots) and ⌘0K0

S
(blue

triangles), using SJ/ K
0
S
= 0.70 and S⌘0K0

S
= 0.55 as inputs to the Monte Carlo. With the full

integrated luminosity of 50 ab�1 the two values would be unambiguously distinguishable,

signifying the existence of New Physics.

In the B–B system, CP violation in mixing (|q/p| 6= 1) is measured separately and is 39

negligible [3]. We can thus safely assume that q/p = exp(�i�1). 40

In this section we present sensitivity studies based on Belle II simulation for the following 41

four final states: B0
! �K

0, ⌘0K0, K0
S
⇡
0
�, and ⇡0⇡0 decays. The complete analysis chain, 42

from the reconstruction of intermediate resonances to the final maximum likelihood fit is per- 43

formed. In estimating the final sensitivity we take into account the expected improvements, 44

most notably those a↵ecting the reconstruction e�ciencies. 45

Based on these studies and on the reconstruction e�ciencies obtained by the BaBar 46

and Belle experiments we also extrapolate the present sensitivities to the Belle II ones 47

for the channels B
0

! J/ ⇡
0, B0

! !K
0
S
and K

0
S
⇡
0. We discuss in detail the systematic 48

uncertainties that will a↵ect the cleanest and highest statistics channel B0
! J/ K

0. 49

Figure 1 shows the time dependent CP asymmetry distributions that can be measured at 50

Belle II in the B
0

! J/ K
0
S
and ⌘0K0

S
channels with an integrated luminosity of 50 ab�1. 51

As inputs to the simulations we set SJ/ K
0
S
= 0.70 and S⌘0K0

S
= 0.55 (see eq. 4). Such a 52

di↵erence between SJ/ K
0
S
and S⌘0K0

S
would be an unambiguous sign of New Physics and 53

would be easily detectable by the Belle II experiment. 54

1.2. Determination of �1 55

1.2.1. Theory: sin 2�1 from b ! cc̄s. Contributing authors: M. Jung, L. Li Gioi, D. Robin- 56

son 57

The angle �1 is the most precisely measured CP violating quantity to date. As such it 58

is one of the most important inputs in the global CKM fits and a cornerstone input to the 59

tests of the SM. 60

The sensitivity to �1 comes from the

CP
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Table 26: Expected uncertainties on the S and A parameters for the channels sensitive to

sin(2�1) discussed in this chapter for an integrated luminosity of 5 and 50 ab�1. The present

(2017) World Average [1] errors are also reported.

WA (2017) 5 ab�1 50 ab�1

Channel �(S) �(A) �(S) �(A) �(S) �(A)

J/ K
0 0.022 0.021 0.012 0.011 0.0052 0.0090

�K
0 0.12 0.14 0.048 0.035 0.020 0.011

⌘
0
K

0 0.06 0.04 0.032 0.020 0.015 0.008

!K
0
S

0.21 0.14 0.08 0.06 0.024 0.020

K
0
S
⇡
0
� 0.20 0.12 0.10 0.07 0.031 0.021

K
0
S
⇡
0 0.17 0.10 0.09 0.06 0.028 0.018

We projected the uncertainty on the determination of �2 considering the isospin analyses1325

of B ! ⇡⇡ and B ! ⇢⇢. The B ! ⇢⇡ system, which is usually considered together with1326

B ! ⇡⇡ and B ! ⇢⇢, was not taken into account due to the di�culty of realistically sim-1327

ulating the full Dalitz plot analysis of B0
! ⇡

+
⇡
�
⇡
0 in MC. The expected uncertainties on1328

�2 extracted via isospin analysis of B ! ⇡⇡ and B ! ⇢⇢ and via combined isospin analysis1329

of these two decay systems are summarized in Table 27. The projections of the experimental1330

errors and the central values of previous measurements that enter the isospin analysis of1331

B ! ⇡⇡ and B ! ⇢⇢ are presented in Tables 20 and 21, respectively. Additionally, we per-1332

formed a feasibility study for the novel time dependent CP analysis of the decay B ! ⇡
0
⇡
0.1333

The uncertainty on the measurement of the time dependent asymmetry S⇡0⇡0 is estimated1334

to be �S⇡0⇡0 = 0.29. Consequently, the current 8-fold ambiguity in the determination of �21335

performing the isospin analysis of B ! ⇡⇡ will be reduced by factor 4 (S. Fig. 18). It is also1336

possible, that the values of �2 extracted from the isospin analysis including S⇡0⇡0 have a1337

tension to the values expected within the SM (S. Fig. 19). The sensitivity study of B ! ⇡
0
⇡
0

1338

and the projections of previous measurements were performed for a total Belle II integrated1339

luminosity of 50 ab�1. So far, we did not consider isospin breaking e↵ects on the projection1340

of the sensitivity to �2. Possible ways to extract the size of the bias in �2 due to isospin1341

breaking e↵ects were discussed in Sec. 1.4. At present, isospin breaking e↵ects can be only1342

partially included. In principle, there are observables where the theoretical error is only of1343

second order in isospin breaking and thus below the per-mill level. However, as discussed in1344

[80], it will be impossible to measure them to the required level of accuracy.1345
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R(K*) = Br(B→K* µ µ) / Br(B→K* e e)  



SUSY 2017, B-physics & Belle II Phillip URQUIJO

Belle II: b→d Loop
• b→d couplings not thoroughly studied yet (other than mixing)

30

1 Radiative and Electroweak Penguin B Decays

Table 3: Sensitivities of observables for radiative exclusive B decays. Some sensitivities at
Belle are extrapolated to 0.71 ab�1.

Observables Belle 0.71 ab�1 Belle II 5 ab�1 Belle II 50 ab�1

�0+(B ! K⇤�) 2.0% 0.70% 0.53%
ACP(B0 ! K⇤0�) 1.7% 0.58% 0.21%
ACP(B+ ! K⇤+�) 2.4% 0.81% 0.29%
�ACP(B ! K⇤�) 2.9% 0.98% 0.36%
SK⇤0� 29% 9.0% 3.0%
�0+(B ! ⇢�) 18% 5.4% 1.9%
ACP(B0 ! ⇢0�) 44% 12% 3.8%
ACP(B+ ! ⇢+�) 30% 9.6% 3.0%
�ACP(B ! ⇢�) 53% 16% 4.8%
S⇢0� 63% 19% 6.4%
|Vtd/Vts| 12% 8.2% 7.6%
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Fig. 1: Distributions of Mbc and �E for correctly identified B0 ! ⇢0� signal events (blue)
overlaid with misidentified B ! K⇤� where the kaon from the K⇤0 decay is mis-reconstructed
as a pion (red). With no PID selection cut the background swamps the signal.

This process is roughly a factor 100 larger than the dominant b! d� process, namely B0 ! 595

⇢0� with ⇢0 ! ⇡+⇡�. 596

A study based on full Belle II simulation is performed to quantify the performance of PID. 597

Samples of 1 million events of both B0 ! ⇢0� and B0 ! K⇤0� are generated. After perform- 598

ing a full detector reconstruction a simple pre-selection criteria is applied to both samples. 599

An optimisation for a cut on the pion probability (defined in Section ??) is performed to max- 600

imise the figure of merit, S/
p

S + B. Here S is the number of correctly identified B0 ! ⇢0� 601

events, and B is the number of B0 ! K⇤0� where the kaon track was mis-reconstructed as 602

a pion. Both S and B are scaled to the expected number of events in 5 ab�1 of data. The 603

value of the optimal selection cut is found to give a figure of merit well above 10. 604

Figures 1 and 2 show overlaid distributions of the beam constrained-mass, Mbc, and energy 605

di↵erence, �E, for both samples before, and after the selection cut at the optimal point. 606

The importance of PID is evident from the two figures. 607
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Fig. 2: Same as Figure 1 but employing PID information. After a simple optimisation the
background is reduced significantly.

The above study is repeated using a simulation of the Belle detector, in order to compare to608

the associated Belle PID performance. The Belle optimisation is performed for the analogous609

PID likelihood variables described in Section 5.2.1 of [149]. The Belle II PID system is found610

to provide an improvement in the figure of merit by approximately 30%.611

1.3. Double-Radiative Decays612

(Contributing authors: C. Bobeth and A. Kokulu)613

614

1.3.1. Bq ! �� Decays. In the SM, the branching ratios of the Bq ! �� decays scale as615

the involved CKM elements |Vtd|2 and |Vts|2, predicting an enhancement of the Bs ! ��616

decay over the Bd ! �� decay by a factor of |Vts/Vtd|2 ' 20. Using the full data set at617

⌥ (5S) [150], Belle obtained the following 90% CL upper limit618

Br(Bs ! ��)exp < 3.1 · 10�6 , (33)

on the branching ratio of Bs ! ��. The searches for Bd ! �� at ⌥ (4S) resulted instead in619

the 90% CL upper limits620

Br(Bd ! ��)exp <

(
3.2 · 10�7 ,

6.2 · 10�7 ,
(34)

from the full data set of BaBar [151], and a partial data set of 104 fb�1 of Belle [152] out of621

the available 711 fb�1. The corresponding SM predictions are given by [153]622

Br(Bs ! ��)SM 2 [0.5, 3.7] · 10�6 ,

Br(Bd ! ��)SM 2 [1.0, 9.8] · 10�8 ,
(35)

and are either close to or only by an order of magnitude below the bounds (33) and (34).623

The above comparison shows that Belle II will be able to discover Bd ! �� with the antic-624

ipated 50 times larger data set at ⌥ (4S). Furthermore, an appropriately large ⌥ (5S) data625

set could provide an observation of Bs ! ��.626

From a theoretical point of view, double radiative Bq ! �� decays are complementary627

to the corresponding radiative inclusive B ! Xq� decay. They depend on the same Wilson628
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Any right-handed currents from NP?
TCPV: P(∆t) = e−|∆t|/τ

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

S
vertex and tag-B vertex)

γL

bR

sL

helicity flip
∝ mb ~ 4.8 GeV

γR

bL

sR

helicity flip∝ m
s ~ 0.1 GeV

γR γL

sR

bL bR

sL

Do not interfere
for CPV

Interfere
for CPV

SM favored SM disfavored,
enhanced with RH current TCPV suppressed by (ms/2mb)

(otherwise ∼ sin 2φ1)

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

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

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

0�

In SM, one naively expects:

SK0
S⇡0� = �2

ms

mb
sin 2�1 ⇠ �0.03

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

SK0
S⇡0� ⇠ 0.5

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

0�

B→ K* γ 
B→ ρ γ 

No PID With Belle II PID

Flavour Session: S. Sandilya
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1 Radiative and Electroweak Penguin B Decays

Table 3: Sensitivities of observables for radiative exclusive B decays. Some sensitivities at
Belle are extrapolated to 0.71 ab�1.

Observables Belle 0.71 ab�1 Belle II 5 ab�1 Belle II 50 ab�1

�0+(B ! K⇤�) 2.0% 0.70% 0.53%
ACP(B0 ! K⇤0�) 1.7% 0.58% 0.21%
ACP(B+ ! K⇤+�) 2.4% 0.81% 0.29%
�ACP(B ! K⇤�) 2.9% 0.98% 0.36%
SK⇤0� 29% 9.0% 3.0%
�0+(B ! ⇢�) 18% 5.4% 1.9%
ACP(B0 ! ⇢0�) 44% 12% 3.8%
ACP(B+ ! ⇢+�) 30% 9.6% 3.0%
�ACP(B ! ⇢�) 53% 16% 4.8%
S⇢0� 63% 19% 6.4%
|Vtd/Vts| 12% 8.2% 7.6%
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Fig. 1: Distributions of Mbc and �E for correctly identified B0 ! ⇢0� signal events (blue)
overlaid with misidentified B ! K⇤� where the kaon from the K⇤0 decay is mis-reconstructed
as a pion (red). With no PID selection cut the background swamps the signal.

This process is roughly a factor 100 larger than the dominant b! d� process, namely B0 ! 595

⇢0� with ⇢0 ! ⇡+⇡�. 596

A study based on full Belle II simulation is performed to quantify the performance of PID. 597

Samples of 1 million events of both B0 ! ⇢0� and B0 ! K⇤0� are generated. After perform- 598

ing a full detector reconstruction a simple pre-selection criteria is applied to both samples. 599

An optimisation for a cut on the pion probability (defined in Section ??) is performed to max- 600

imise the figure of merit, S/
p

S + B. Here S is the number of correctly identified B0 ! ⇢0� 601

events, and B is the number of B0 ! K⇤0� where the kaon track was mis-reconstructed as 602

a pion. Both S and B are scaled to the expected number of events in 5 ab�1 of data. The 603

value of the optimal selection cut is found to give a figure of merit well above 10. 604

Figures 1 and 2 show overlaid distributions of the beam constrained-mass, Mbc, and energy 605

di↵erence, �E, for both samples before, and after the selection cut at the optimal point. 606

The importance of PID is evident from the two figures. 607

19/61

1 Radiative and Electroweak Penguin B Decays

Table 3: Sensitivities of observables for radiative exclusive B decays. Some sensitivities at
Belle are extrapolated to 0.71 ab�1.

Observables Belle 0.71 ab�1 Belle II 5 ab�1 Belle II 50 ab�1

�0+(B ! K⇤�) 2.0% 0.70% 0.53%
ACP(B0 ! K⇤0�) 1.7% 0.58% 0.21%
ACP(B+ ! K⇤+�) 2.4% 0.81% 0.29%
�ACP(B ! K⇤�) 2.9% 0.98% 0.36%
SK⇤0� 29% 9.0% 3.0%
�0+(B ! ⇢�) 18% 5.4% 1.9%
ACP(B0 ! ⇢0�) 44% 12% 3.8%
ACP(B+ ! ⇢+�) 30% 9.6% 3.0%
�ACP(B ! ⇢�) 53% 16% 4.8%
S⇢0� 63% 19% 6.4%
|Vtd/Vts| 12% 8.2% 7.6%

)2 (GeV/cbcm
5.2 5.21 5.22 5.23 5.24 5.25 5.26 5.27 5.28 5.29 5.3

-1
Ex

pe
ct

ed
 e

ve
nt

s 
in

 5
ab

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200
2400

 E (GeV)Δ

0.4− 0.3− 0.2− 0.1− 0 0.1 0.2 0.3

-1
Ex

pe
ct

ed
 e

ve
nt

s 
in

 5
ab

0

100

200

300

400

500

600

700

800

900

Fig. 1: Distributions of Mbc and �E for correctly identified B0 ! ⇢0� signal events (blue)
overlaid with misidentified B ! K⇤� where the kaon from the K⇤0 decay is mis-reconstructed
as a pion (red). With no PID selection cut the background swamps the signal.

This process is roughly a factor 100 larger than the dominant b! d� process, namely B0 ! 595

⇢0� with ⇢0 ! ⇡+⇡�. 596

A study based on full Belle II simulation is performed to quantify the performance of PID. 597

Samples of 1 million events of both B0 ! ⇢0� and B0 ! K⇤0� are generated. After perform- 598

ing a full detector reconstruction a simple pre-selection criteria is applied to both samples. 599

An optimisation for a cut on the pion probability (defined in Section ??) is performed to max- 600

imise the figure of merit, S/
p

S + B. Here S is the number of correctly identified B0 ! ⇢0� 601

events, and B is the number of B0 ! K⇤0� where the kaon track was mis-reconstructed as 602

a pion. Both S and B are scaled to the expected number of events in 5 ab�1 of data. The 603

value of the optimal selection cut is found to give a figure of merit well above 10. 604

Figures 1 and 2 show overlaid distributions of the beam constrained-mass, Mbc, and energy 605

di↵erence, �E, for both samples before, and after the selection cut at the optimal point. 606

The importance of PID is evident from the two figures. 607

19/61

Belle PRL 100, 021602 (2008)



SUSY 2017, B-physics & Belle II Phillip URQUIJO

Belle II: b→c Tree
• Combination of Babar, Belle & LHCb 4 σ from SM. 

• Belle II should confirm/deny this anomaly with 5 ab-1 

• Tag{Had, SL, Inclusive} x Signal {τ → l ν ν , τ → h ν} ~ 6 statistically independent approaches. 

• B → D* τ ν: 5 ab-1 ~ 3% (down from about 8%) 

• B → D τ ν: 5 ab-1 ~ 6% (down from 16%) - though Belle yet to release R(D) with SL tag.
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1 Leptonic and Semileptonic B Decays

Table 10: Expected precision on RD(⇤) and P⌧ (D⇤) at Belle II. The first and the second values

are the expected statistical and the systematic errors, respectively. These expectations are

shown as the relative (absolute) values for RD(⇤) (P⌧ (D⇤)).

5 ab�1 50 ab�1

RD (6.0 ± 3.9)% (2.0 ± 2.5)%

RD⇤ (3.0 ± 2.5)% (1.0 ± 2.0)%

P⌧ (D⇤) 0.18 ± 0.08 0.06 ± 0.04
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Fig. 8: Expected Belle II constraints on the RD vs RD⇤ plane (top) and the RD⇤ vs P⌧ (D⇤)

plane (bottom) compared to existing experimental constraints from Belle. The SM predic-

tions are also indicated by the black dots with error bars. In the right panel, the new physics

scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators OS1
,

OV1
and OT , respectively.

Future prospect. Based on the existing results from Belle and expected improvements at 523

Belle II, we estimate precisions in the RD(⇤) and P⌧ (D⇤) measurements as shown in Table 10. 524

In Fig. 8, the expected precisions at Belle II are compared to the current results and the SM 525

expectations. The RD(⇤) precision will be comparable to the current theoretical uncertainty 526

in the SM expectations. Furthermore, using information of P⌧ (D⇤), discrimination of the 527

new physics scenarios may be possible. In the estimates for P⌧ (D⇤), no improvement in the 528

systematic uncertainty arising from the hadronic B decays with three or more ⇡0, ⌘ and � is 529

assumed. However, although challenging, understanding for these modes may be improved by 530

the future measurements at Belle II and the systematic uncertainty will be further reduced. 531

As shown in Fig. 6, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on the EECL shape 532

in discrimination of the signal from the background events. One of the possible problem 533

at Belle II is therefore e↵ects from the large beam-induced background onto EECL. Deep 534

understanding of the beam background will be essential. 535

With high statistics of the Belle II data, the new physics scenarios can be also precisely

tested with q2 distributions. Figure 9 is demonstration of the statistical precision of the

q2 measurement with 50 ab�1 data based on a toy-MC study. A quantitative estimation

for future sensitivity to search for new physics by B̄ ! D(⇤)⌧ ⌫̄ is shown in Fig. 10 [66]. In

the figure, it is shown that the regions of CX are probed by the ratios (red) and the q2
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Fig. 9: (left) q2 distribution in the hadronic tag analysis and ⌧�
! `�⌫̄`⌫⌧ with the full Belle

data sample [26]. (right) Projection to the 50 ab�1 of the Belle II data. In both panels,

the solid histograms show the predicted distribution shape with the 2HDM of type II at

tan �/mH± = 0.5 (GeV/c2)�1. In the right panel, pseudo-data are shown based on the SM

hypothesis.

distributions (blue) at Belle II with 5 ab�1 (dashed lines) and 50 ab�1 (solid lines) at 95%

CL3. One finds that the distributions are sensitive to the scalar and tensor scenarios. On

the other hand, the ratios and distributions are comparable for constraining the other new

physics scenarios. A new physics contribution that enters in CX is typically described as

CX ⇡
1

2
p

2GFVcb

gg0

M2
NP

, (48)

where g and g0 denote the general couplings of new heavy particles to quarks and leptons (at536

the NP mass scale MNP). Given that the couplings g, g0 ⇠ 1, one observes that the Belle II537

reach of new physics mass scale, MNP ⇠ (2
p

2GFVcbCX)�1/2, is about 5 – 10 TeV.538

1.4.2. B ! ⇡⌧⌫. Authors: R. Watanabe (th.), F. Bernlochner (exp.)539

As is presented above, discrepancies in the b ! c⌧⌫ processes with the SM predictions540

have been reported by the B physics experiments. This is particularly interesting because541

the processes are described by the b ! c charged current and predicted at the tree level in542

the SM. In this sense, it would be natural to expect that the b ! u⌧⌫ processes may also543

provide hints of new physics.544

The branching fraction of B ! ⇡⌧ ⌫̄ has been measured by the Belle collaboration in545

Ref. [67]. They observed no significant signal and obtained the 90% CL upper limit as B(B !546

⇡⌧ ⌫̄) < 2.5 ⇥ 10�4. Alternatively, one obtains B(B ! ⇡⌧ ⌫̄) = (1.52 ± 0.72 ± 0.13) ⇥ 10�4,547

where the first error (along with the central value) is read o↵ from the observed signal548

strength and the second one comes from the systematic uncertainty (8%) [67].549

On the theory side, evaluations of form factors for the B ! ⇡ transition have been devel-

oped. In the recent lattice studies of Refs. [68, 69], the authors have computed the vector

3 To see how small new physics contribution is probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [41]
for q2 distributions and given as the world average [8] for the ratios, are scaled by luminosity. See
Ref. [66] for further details of the analysis.
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• Combination of Babar, Belle & LHCb 4 σ from SM. 

• Belle II should confirm/deny this anomaly with 5 ab-1 

• Tag{Had, SL, Inclusive} x Signal {τ → l ν ν , τ → h ν} ~ 6 statistically independent approaches. 

• B → D* τ ν: 5 ab-1 ~ 3% (down from about 8%) 

• B → D τ ν: 5 ab-1 ~ 6% (down from 16%) - though Belle yet to release R(D) with SL tag.
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Table 10: Expected precision on RD(⇤) and P⌧ (D⇤) at Belle II. The first and the second values

are the expected statistical and the systematic errors, respectively. These expectations are

shown as the relative (absolute) values for RD(⇤) (P⌧ (D⇤)).
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Fig. 8: Expected Belle II constraints on the RD vs RD⇤ plane (top) and the RD⇤ vs P⌧ (D⇤)

plane (bottom) compared to existing experimental constraints from Belle. The SM predic-

tions are also indicated by the black dots with error bars. In the right panel, the new physics

scenarios “Scalar”, “Vector” and “Tensor” assume contributions from the operators OS1
,

OV1
and OT , respectively.

Future prospect. Based on the existing results from Belle and expected improvements at 523

Belle II, we estimate precisions in the RD(⇤) and P⌧ (D⇤) measurements as shown in Table 10. 524

In Fig. 8, the expected precisions at Belle II are compared to the current results and the SM 525

expectations. The RD(⇤) precision will be comparable to the current theoretical uncertainty 526

in the SM expectations. Furthermore, using information of P⌧ (D⇤), discrimination of the 527

new physics scenarios may be possible. In the estimates for P⌧ (D⇤), no improvement in the 528

systematic uncertainty arising from the hadronic B decays with three or more ⇡0, ⌘ and � is 529

assumed. However, although challenging, understanding for these modes may be improved by 530

the future measurements at Belle II and the systematic uncertainty will be further reduced. 531

As shown in Fig. 6, the Belle analyses of B ! D(⇤)⌧⌫⌧ largely rely on the EECL shape 532

in discrimination of the signal from the background events. One of the possible problem 533

at Belle II is therefore e↵ects from the large beam-induced background onto EECL. Deep 534

understanding of the beam background will be essential. 535

With high statistics of the Belle II data, the new physics scenarios can be also precisely

tested with q2 distributions. Figure 9 is demonstration of the statistical precision of the

q2 measurement with 50 ab�1 data based on a toy-MC study. A quantitative estimation

for future sensitivity to search for new physics by B̄ ! D(⇤)⌧ ⌫̄ is shown in Fig. 10 [66]. In

the figure, it is shown that the regions of CX are probed by the ratios (red) and the q2
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Fig. 9: (left) q2 distribution in the hadronic tag analysis and ⌧�
! `�⌫̄`⌫⌧ with the full Belle

data sample [26]. (right) Projection to the 50 ab�1 of the Belle II data. In both panels,

the solid histograms show the predicted distribution shape with the 2HDM of type II at

tan �/mH± = 0.5 (GeV/c2)�1. In the right panel, pseudo-data are shown based on the SM

hypothesis.

distributions (blue) at Belle II with 5 ab�1 (dashed lines) and 50 ab�1 (solid lines) at 95%

CL3. One finds that the distributions are sensitive to the scalar and tensor scenarios. On

the other hand, the ratios and distributions are comparable for constraining the other new

physics scenarios. A new physics contribution that enters in CX is typically described as

CX ⇡
1

2
p

2GFVcb

gg0

M2
NP

, (48)

where g and g0 denote the general couplings of new heavy particles to quarks and leptons (at536

the NP mass scale MNP). Given that the couplings g, g0 ⇠ 1, one observes that the Belle II537

reach of new physics mass scale, MNP ⇠ (2
p

2GFVcbCX)�1/2, is about 5 – 10 TeV.538

1.4.2. B ! ⇡⌧⌫. Authors: R. Watanabe (th.), F. Bernlochner (exp.)539

As is presented above, discrepancies in the b ! c⌧⌫ processes with the SM predictions540

have been reported by the B physics experiments. This is particularly interesting because541

the processes are described by the b ! c charged current and predicted at the tree level in542

the SM. In this sense, it would be natural to expect that the b ! u⌧⌫ processes may also543

provide hints of new physics.544

The branching fraction of B ! ⇡⌧ ⌫̄ has been measured by the Belle collaboration in545

Ref. [67]. They observed no significant signal and obtained the 90% CL upper limit as B(B !546

⇡⌧ ⌫̄) < 2.5 ⇥ 10�4. Alternatively, one obtains B(B ! ⇡⌧ ⌫̄) = (1.52 ± 0.72 ± 0.13) ⇥ 10�4,547

where the first error (along with the central value) is read o↵ from the observed signal548

strength and the second one comes from the systematic uncertainty (8%) [67].549

On the theory side, evaluations of form factors for the B ! ⇡ transition have been devel-

oped. In the recent lattice studies of Refs. [68, 69], the authors have computed the vector

3 To see how small new physics contribution is probed, the central values of the experiment are
assumed to be those of the SM while the experimental errors, extracted from the BaBar data [41]
for q2 distributions and given as the world average [8] for the ratios, are scaled by luminosity. See
Ref. [66] for further details of the analysis.

24/61

50 ab-1 projection of the  
subtracted q2 spectrum 

in B → D* τ ν (HT)

Flavour Session: M. Nayak

Belle II Physics Book

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

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

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

 contoursσ1 

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

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

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

 contoursσ1 

5 ab-1 → 50 ab-1



SUSY 2017, B-physics & Belle II Phillip URQUIJO

Improving the SM

• If there is no NP is flavour physics, the unitarity triangle should be the same in all 
measurements  

• Comparing tree level decays and loop level decays is a way to look for inconsistencies 

3211 July 2017 Ulrik Egede 18/31

Improve SM parameters

If there is no NP is flavour physics, the unitarity triangle should be the 
same in all measurements

Comparing tree level decays and loop level decays is a way to look for 
inconsistencies

Tree level: small NP effect? Loop level: Large NP effect?
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Belle II: b→u Tree
• |Vub| should be measured to ~1-2% accuracy with 

B → π l ν (based on Belle II full sim.) 

• Can do LFUV tests, e/µ/τ  

• Br(B→ τ ν) 10% precision at 5 ab-1 (3% by 50 ab-1) 

• Br(B→ µ ν) discovered by 5-6 ab-1
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The extracted values are a↵ected by e�ciency and detector resolution, which results as 897

loss in statistics and as bin-to-bin migrations. These e↵ects were reverted using simulated 898

samples. 899

Tagged measurement In the tagged measurement we first require that the companion B 900

meson is fully reconstructed in one out of many hadronic decay modes. After having a 901

good Bcomp candidate we require that the rest of the event is consistent with the signature 902

of the signal decay – it contains only two additional oppositely charged tracks, one being 903

consistent with the pion and one with the lepton hypothesis based on particle identification 904

sub-detectors. As in the case of B+
! ⌧+⌫⌧ study, we use Bcomp candidates provided by the 905

Full Event Interpretation algorithm (see Sec. ??) with signal probability exceeding 0.1%. In 906

the case of multiple BcompBsig candidates we keep the combination with the Bcomp candidate 907

with the highest signal probability. Knowing the 4-momentum of the companion B meson we 908

determine the signal B meson 4-momentum, missing 4-momentum of the neutrino produced 909

in the signal decay, and the momentum transfer to the lepton system squared, q2, as 910

pBsig
= p⌥ (4S) � pBcomp

, (96)

pmiss = p⌫ = p⌥ (4S) � pBcomp
� p⇡ � p`, (97)

q2 = (p` + p⌫)
2 = (pBsig

� p⇡)2 = (p⌥ (4S) � pBcomp
� p⇡)2, (98)

where we take the companion B meson 4-momentum in the ⌥ (4S) frame to be 911

pBcomp
= (ECMS/2,pBcomp

). (99)

The precise measurement of the companion B meson’s momentum results in improved deter- 912

mination of q2 compared to the untagged measurement as shown in Fig. 17. The overall 913

reconstruction e�ciency is found to be 0.55%, which is considerably above the reconstruction 914

e�ciency (0.3%) of the tagged measurement reported by Belle [73].
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Fig. 17: Resolution of q2 from untagged and tagged measurement of B0
! ⇡�`+⌫` decays.

915

The signal is extracted from the missing mass squared distribution (M2
miss = p2

miss), where 916

the signal is expected to be located in a narrow peak near zero, while background from other 917

b ! u`⌫ transitions populates wider region towards higher missing mass, due to extra missing 918
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Fig. 15: Comparison of �E distribution with and without ROE optimisation.
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Fig. 16: MBC and �E distributions with signal and background components for the full q2

range. The signal is shown separately, while obtaining the proper scale.

4) Output from 3) with additional B meson variables883

Additional B meson variables include pion particle identification probability, helicity angle884

cos ✓`, angle of missing momentum ✓miss, di↵erence between travelled distances of B mesons885

dz, angle between Y pseudo-particle and Z-axis cos ✓BY , and an improved version of the m2
miss886

variable, m2
miss/2Emiss, where its resolution does not decrease with Emiss. Each input variable887

was checked for correlation with the q2 and all variables with significant correlation were888

discarded and are not used. The optimal BDT output selection requirement is determined by889

maximising the figure of merit. In order to suppress b ! u`⌫` background we train another890

BDT with the same input as BDT from the step 4 above.891

The final sample composition, after all selection criteria are applied, is shown in Fig. 16.892

The q2-averaged signal e�ciency is found to be around 20%. We identify the signal candidates893

performing 2D fit in MBC and �E. The sample is then split into 13 bins of q2 from 0 to894

26.4 GeV2/c2. We define the fit region as MBC > 5.095 GeV/c2 and |�E| < 0.95 GeV and895

perform the fits to extract the raw signal yield in each q2-bin.896
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Fig. 21: MBC and �E distributions with signal and background components for the full q2

range. The signal is shown separately and not up to scale with background.
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Fig. 22: Model independent BCL fits (Npar = 3 + 1) for B ! ⇡`⌫ tagged and untagged (top)

and Bs ! K`⌫ untagged (bottom) with LQCD error forecasts in 5 years (w/ EM).

Vub, so e↵orts in reducing the LQCD errors are expected in the future (see Section ??). 979

Projections of �Vub
for various cases of LQCD forecasts can be seen in Fig. 23. 980

1.6. Inclusive semileptonic 981

Authors: G. Ricciardi (th.), F. J. Tackmann (th.), P. Urquijo (exp.) 982

1.6.1. Overview. In inclusive semileptonic B ! X`⌫ decays one considers the sum over 983

all possible kinematically allowed hadronic final states X. In the theoretical description the 984

optical theorem then allows one to replace the sum over hadronic final states with a sum 985

over partonic final states, which eliminates any long-distance sensitivity to the final state. 986

The short-distance QCD corrections, which appear at the typical scale µ ⇠ mb of the decay, 987

can then be computed in perturbation theory. 988

The remaining long-distance corrections are related to the initial B meson. They can 989

be expanded in the heavy-quark expansion (HQE) in powers of ⇤QCD/mb ⇠ 0.1, where here 990
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L [ab-1]  σ Vub [%] 
1 tagged 6.2

untagged 3.6
5 tagged 3.2

untagged 2.1
leptonic 5

50 tagged 1.7
untagged 1.3
leptonic 1.5 - 2
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UT Precision Φ3 / γ : LHCb Run 1+2
• If D0 and anti-D0 decay to the same final state, 

both diagrams contribute to the observed rate  

• The subsequent interference allows to determine 
the relative phase between these diagrams  
δ ± γ, γ = Arg(VudV*ub/VcdV*cb) 

34

LHCb-CONF-2017-004 
LHCb arXiv:1708.06370
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68.3%

95.5%

HFLAV
Late 2017

New	LHCb	γ/φ3	combinaOon	[LHCb-CONF-2017-004]	

•  Includes	the	following	updates:	
–  B+/-	→	D0K*+/-	ADS/GLW	[LHCb-CONF-2016-014]	 	NEW	
–  B+/-	→	D*0K+/-	GLW	[LHCb-PAPER-2017-021] 	 	 	NEW	
–  Bs0	→	Ds

-/+K+/-	TD	[LHCb-CONF-2016-015] 	 	 	1	→	3/n	
–  B+/-	→	D0K+/-	GLW	[LHCb-PAPER-021]	 	 	 	3	→	5/n	

14	

(in	preparaOon)	

•  30%	improvement	with	respect	to	
the	2016	combinaOon	

•  More	run	2	updates	expected	

Measurement	of	γ/φ3	

•  If	D0	and	D0	decay	to	the	
same	final	state,	both	
diagrams	contribute	to	the	
observed	rate	

12	

•  The	subsequent	interference	allows	to	determine	the	relaOve	phase	
between	these	diagrams	δ	±	γ/φ3,	γ/φ3	=	Arg(VudV

*
ub/VcdV

*
cb)	

•  3	approaches	
–  Gronau-London-Wyler	(GLW):	uses	D0	decays	to	a	CP	eigenstate	

–  Atwood-Dunietz-Soni	(ADS):	uses	Cabibbo-favored	and	doubly-
Cabibbo-suppressed	D0	modes	

–  Dalitz	plot	analysis:	uses	three-body	decays,	e.g.,	D0	→	KS	π+	π-	30% improvement since 2016 LHCb dominates WA  precision < 5o

(73.5 +4.3−5.0)°
CKMFitter  
γ = 65.33 +0.96 

-2.54
o 
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CKM Global Fit Projection: Belle II + LHCb upgrade
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2 Global analyses
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Fig. 12: UT fit today (top) and extrapolated to the 50 ab�1 scenario for an SM-like scenario

(left) and world average values (right).

present data [238–242] and the SM predictions, it would be deserved to examine new physics 1049

scenarios that a↵ect (semi-)tauonic B meson decays, which are measurable at Belle II. 1050

In the presence of all possible new physics in the process b ! q⌧⌫, the e↵ective Lagrangian 1051

can be described by 1052

�Le↵ = 2
p

2GFVqb

h
(�⌫⌧ ,⌫` + C(q,⌫`)

V1
)O(q,⌫`)

V1
+

V2,S1,S2,TX

X=

C(q,⌫`)
X O(q,⌫`)

X

i
, (55)
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Fig. 12: UT fit today (top) and extrapolated to the 50 ab�1 scenario for an SM-like scenario

(left) and world average values (right).

present data [238–242] and the SM predictions, it would be deserved to examine new physics 1049

scenarios that a↵ect (semi-)tauonic B meson decays, which are measurable at Belle II. 1050

In the presence of all possible new physics in the process b ! q⌧⌫, the e↵ective Lagrangian 1051

can be described by 1052
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By ~2026,  
• Λ ~ 20 TeV (tree) 
• Λ ~ 2 TeV (loop)
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Summary
• Anomalous behaviour in semileptonic B decays observed by multiple experiments -  

 violations of lepton flavour universality 
• We have to be cautious: e are difficult to reconstruct at LHC, τ are easily mimicked in all 

experiments. 
• LHCb and Belle II are focusing on improved LFUV tests 

• More LHCb Run-2 results due soon 

• SuperKEKB / Belle II will commence collisions in April 2018 

36

Archiving materials
• Twiki at KEK → Confluence at DESY

• Google drive is also used to share photographs (taken privately).

• Photography competition
• Encourage collaborators to take and provide nice photographs.

• Held at each Belle II general meeting (3 times a year)

• Choose best 3 photos by voting among the Belle II collaborators.

8

S. Sandilya et al.

                         Belle II news broadcasts 
 
https://www.facebook.com/belle2collab  
https://twitter.com/belle2collab

https://www.facebook.com/belle2collab
https://twitter.com/belle2collab
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Construction timeline

• Phase 2 Verification of nano-beam scheme. Target L> 1034 cm-2s-1 Understand beam background

38

SuperKEKB/Belle II Schedule
7

Phase	1	(w/o	final	focusing	Q,	w/o	Belle	II):	
-	Accelerator	system	test	and	basic	tuning,	
-	Vacuum	scrubbing,	
-	Low	emittance	tuning,	and	
-	Beam	background	studies

Phase	2	(w/	final	focusing	Q,	w/Belle	II	but	
background	monitors	instead	of	vertex	
detectors)	
-	Verification	of	nano-beam	scheme	

target:	L>1034	cm-2s-1	
-	Understand	beam	background	especially	in	
vertex	detector	volume

・・・�2016�

JFY2016�
2017� 2018� 2019�

JFY2017� JFY2018� JFY2019�Japan	FY �

Calendar	year�

Summer	shutdown	
(power	saving)�

Summer	shutdown	
(power	saving)�

phase	1� phase	2	(MR) � phase	3�

MR	renovation	for	phase	2,	including	
installation	of	QCS	and	Belle	II	

w/o	QCS	
w/o	Belle	II�

w/	QCS	
w/	Belle	II	(no	VXD) �

w/	full	Belle	II�

DR	commissioning�DR	installation	&	startup �

MR	startup � VXD	installation �HER	start�
LER	start�

(end	Feb.	–	mid	Jul.	2018)�

Summer	shutdown	
(power	saving)�

Power	saving	
after	mid	July	2018�

phase	3	operation	
9	months	/	year	�


