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Driving questions for flavour physics research
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• Leptonic and Semileptonic decays 

• CKM matrix element magnitudes 

• Violations of lepton flavour universality 

• Direct and indirect CP violation 

• SM Weak CP phase 

• New sources of CP violation

• Matter antimatter asymmetry 
→ New sources of CP Violation 

• 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, 
may have flavour properties.
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How to search for new phenomena in flavour transitions
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Werner 
Heisenberg

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

Flavour & collider searches are complementary
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22F ⇤� = ⇥
⌅

21F ⇤� = ⇥
⌅LHC

CKM-like
flavour violation

generic 
flavour structure

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

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

David Straub (Universe Cluster) 4
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• Flavour Frontier: virtual production to probe scales 
beyond energy frontier. 

• Often first clues about NP e.g. weak force, c, b, t quarks.
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Anomalies in the headlines
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Heavy flavour experiments
• 5 active experiments, all with strengths/weaknesses: BESIII, LHCb, Belle II, ATLAS, CMS.
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BESIII  e+e-  charm  factory

Belle II B/Charm/tau factory  at e+e- ATLAS, CMS General purpose LHC detectors

LHCb Beauty/Charm LHC detector



Belle II 
detector

e- e+

1km

Belle II @ Super-KEKB
Intensity frontier flavour-factory experiment, Successor to Belle @KEKB (1999-2010)

7 GeV e-, 4 GeV e+                  
ECM Y(4S) = 10.58 GeV + scans 

Y(4S) → B anti-B 

B + Charm + τ factory

~950 researchers 
(306 grad students) 
from 25 countries. 
Indian team 
comprises ~50 
members  
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SuperKEKB - 2019 — “Phase 3”
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1) New e+ damping ring. 
2) New 3 km e+ ring vacuum chamber. 
3) New superconducting final focus. 
Commissioned in 2018. Full detector 
physics run commenced March 2019. 
1x1034/cm/s exceeded Dec 2019

AssƵmption͗
;ϭͿ ϴǆϭϬϯϱ ǁill be achieǀed dƵring ϰ Ǉears ;ϰ ǆ ϴ months с ϯϮ monthsͿ͘ Ͳх ȴLpeak с Ϯ͘ϱǆϭϬϯϰ per month
;ϮͿ LƵminositǇ Ƶpgrade plan obeǇs MoritaΖs plan Ƶntil ϮϬϮϬ SƵmmer͘
;ϯͿ Learning cƵrǀe is a straight line from ϮϬϮϭ ;resolƵtion is one monthͿ͘
;ϰͿ EfficiencǇ of integrated lƵminositǇ is ϳϬ й ;inclƵdes recordedͬdeliǀered͕ maintenance daǇs͕ etc͘Ϳ͘
;ϱͿ ϴ months operation per Ǉear eǆcept for FYϮϬϭϵ͘
;ϲͿ ϴ months shƵtdoǁn in ϮϬϮϬ for PXD and ϲ months in ϮϬϮϯ for RF Ƶpgrade;from ϳϬ й to ϭϬϬ йͿ͘

Last Ƶpdated͗ JanͬϮϵ ϮϬϭϵ

Conserǀatiǀe
bottomͲƵp estimate

ϰ Ǉears for the design lƵmi͘

͠ �� �h��d��� a������g �e 
�e��ace PXD a�d TOP PMT

͞ �� �h��d��� 
f�� RF ��g�ade

First new collider since the LHC
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Belle II Detector, 2019 commissioning of new VXD 
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electrons  (7 GeV)

positrons (4 GeV)

K-Long and muon detector: 
Resistive Plate Chambers (barrel outer layers) 
Scintillator + WLSF + SiPM’s (end-caps , inner 2 barrel layers)

Particle Identification  
iTOP detector system (barrel) 
Prox. focusing Aerogel RICH (fwd)

Central Drift Chamber 
He(50%):C2H6(50%), small cells, long 
lever arm,  fast electronics (Core 
element)

EM Calorimeter: 
CsI(Tl), waveform sampling (barrel+ endcap)

Vertex Detector 
1→2 layers DEPFET + 4 layers DSSD

Beryllium beam pipe 
2cm diameter
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Nano-beams and VXD operation
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KEKB SuperKEKB

Effective bunch length reduced x 1/10 
Measured in 2-track events in Belle II data 
with one wedge of the silicon detector. 

Tiny beam size is a useful constraint for 
Time-dependent CPV analyses.

Overlap Region at IP

�6

Ordinary collision (KEKB) Nano-Beam (SuperKEKB Phase2)

σ = 550 μm
σ = 4.5 mm

measurement at Belle II 
measurement at Belle 

The vertex distribution is constrained 
in the nano-beam scheme.bunch length x 2

I. Adachi, T. Iijima

Overlap Region at IP

�6

Ordinary collision (KEKB) Nano-Beam (SuperKEKB Phase2)

σ = 550 μm
σ = 4.5 mm

measurement at Belle II 
measurement at Belle 

The vertex distribution is constrained 
in the nano-beam scheme.bunch length x 2

I. Adachi, T. Iijima

VXD:	Another	key	element	is	now	ready	

11	In	global	cosmic	since	Jan	2019	

VXD	installed	to	Belle	II	(Nov	2018)	

q  PXD: L1+1/6 of 
L2 (rest will be 
added in 2020) 

One	half	of	VXD	

L6 
L5 

L4 
L3 

L2 
L1 

Partial	VXD	
of	Phase	2	

q  Large improvement 
in vertex resolution 

L4 SVD designed & 
built by Indian groups
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3. BINARY LIKELIHOOD RATIOS
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FIG. 1: RK/⇡ distribution. K and ⇡ tracks are tagged from the charge of the slow ⇡
(daughter of D⇤+) in the decay D⇤+ ! D0[K�⇡+]⇡+.

3

Hadron ID- Key for flavour measurement 

10

Some results involving charged tracks and TOP particle id in Phase 3

Kaon in the TOP; 
Cherenkov x vs t 
pattern

  D
*+ → D0π s

+ ;D0 → K −π +
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FIG. 6: Kaon e�ciency and pion mis-ID rate for the PID criterion RK/⇡ > 0.5 using the
decay D⇤+ ! D0[K�⇡+]⇡+ in the bins of laboratory frame momentum of the tracks which

produces atleast produce hit in ARICH or TOP detector.
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(p > 1 GeV/c)

FIG. 7: Kaon e�ciency and pion mis-ID rate for the PID criterion RK/⇡ > 0.5 using the
decay D⇤+ ! D0[K�⇡+]⇡+ in the bins of polar angle (laboratory frame) of the tracks

which have laboratory frame momentum greater than 1 GeV/c. Note that the acceptance
regions of CDC, TOP and ARICH in polar angle (cos ✓) are [�0.87, 0.96], [�0.48, 0.82],

and [0.87, 0.97], respectively.

9

Particle ID with CDC (dE/dx), TOP (barrel), ARICH (forward endcap)

11

  D
*+ → D0π s

+ ;D0 → K −π +

MC simulation (MC12, July 2019) does not include embedded random triggers to correctly represent background. 
Lepton ID discussed later in the talk.

High momentum PID performance
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FIG. 1: R2 distribution for ⌥ (4S) data and o↵-resonance data. The event selection requires at least
three tracks and two clusters in the event, with transverse momentum greater than 100 MeV/c
and cluster energy greater than 100 MeV, respectively. Additional requirements on tracks, clusters
and event variables are described in detail in the note BELLE2-NOTE-PH-2019-025. The overall
selection e�ciency on the BB sample is 98.8%. The o↵-resonance contribution is normalized to
the luminosity of the on-peak data.
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Event Topology tells us we are seeing B’s

12

We are on the Υ(4S) resonance and  
recording B-anti B pairs with ~99% efficiency. 

Spherical Jet-like

N(B anti-B) ~ 1.1 x 106 per fb-1 on Y(4S).
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Fig. 1. Comparisons of the distributions of Bhabha-dominant signal candidates between the data and MC samples.
Each plot in the figure shows one quantity in the selection criteria and is drawn with the requirements on all other
quantities applied. In the legend, “Data” represents the data sample, while “ee”, “��”, “Bkg”, and “Tot” denote
the Bhabha, digamma, background (µ+µ�, e+e�e+e�, B+B�, B0B̄0, cc̄, ss̄, uū, dd̄, and ⌧+⌧�), and total MC
samples, respectively. The vertical arrows indicate the regions of the selected events.

a CM beam energy spread of 5 MeV [13] using the
BabaYaga@NLO [14–17] generator. The MC samples
were generated in the polar angle range 35�–145� in the
CM frame, somewhat broader than the acceptance of the
ECL barrel region, to avoid spurious edge e↵ects. Along
with the generation of the samples, the theoretical cross
sections of Bhabha and digamma processes (�ee and ���)
were evaluated using the same generator with the same
input parameters. The cross sections were calculated to
be �ee = 17.37 nb and ��� = 1.833 nb with a claimed
precision of 0.1% [14–17].

To estimate background levels, the following MC
samples were also produced at the peak energy of the
⌥ (4S) resonance: one million µ+µ� events with the

BabaYaga@NLO generator; one million two-photon
events in the e+e�e+e� final state with the AAFH [18–
20] generator; 50-fb�1-equivalent of B+B� and B0B̄0

events decayed with EvtGen 1.3 [21] for exclusive
modes and PYTHIA 8.2 [22] for inclusive modes; 50-
fb�1-equivalent of cc̄, ss̄, uū, and dd̄ events produced
with KKMC 4.15 [23, 24] and decayed with EvtGen
1.3 and PYTHIA 8.2; and 50-fb�1-equivalent of ⌧+⌧�

events also produced with KKMC 4.15 but decayed with
TAUOLA [25].

In order to simulate the interaction of final-state
particles with the detector, the generated MC samples
were used as input for a Geant4-based MC simulation
program [26], which includes the geometric description

xxxxxx-6
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Standard Candles, ee→γγ, ee(γ), ττ (γ)
 Phase 2 run, April-July 2018
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Integrated luminosity  
Measured with ee→ ee(γ), γγ 
(496.3±0.3±3.0) pb−1  
<1% precision reached already!

Tau leptons in early Belle II data

6Tau Lepton Physics at Belle II,  1/3/2019P. Rados  
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3π± + nπ0• Targeting e+e-→τ+τ- with 3-by-1 prong decay:      "tag →   ± # #̅"       "signal → 3π± #" + nπ0 

• Events required to fire CDC track trigger:   291 pb-1 of usable data 

• Event topology and kinematic selections tailored to suppress qq̅ and eeɣ backgrounds, driven 
by: 

- thrust value  =                 ,  large for the signal since both " leptons are boosted (back-to-back) 

- total visible energy,  bellow √s for the signal due to the three undetected neutrinos

ℓ ℓ

∑
h

p ⋅ ̂T
|ph |

Tau leptons in early Belle II data

7Tau Lepton Physics at Belle II,  1/3/2019P. Rados  
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• After trigger + offline selections, we have agreement between the data and MC

• Clear evidence for e+e-→τ+τ- in the Phase II data, and a demonstration of the capacity for missing energy 
analyses with Belle II
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inclusive decay:   !signal → 3π± "! + nπ0 exclusive decay:   !signal → 3π± "!

ee→ττ(γ)  
Used for early trigger & track 
efficiency measurements

ECL clusters
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arXiv:1910.05365, accepted to Chinese physics C - first paper on Belle II data
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We have rediscovered the B meson (2019 dataset)
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  Mbc = (Ecm / 2)2 − p2
recon  ΔE = Ecm / 2− Erecon

Demonstration of Belle II’s B Physics Capabilities: Modes with neutrals, and KS mesons are efficiently 
reconstructed along with all-charged final states containing kaons and pions.

5500 Fully reconstructed hadronic B decays
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FIG. 1: Distribution of �E for all B+/0 ! D(⇤)h+ candidates reconstructed in 5.15 fb�1 of
collision data. Events are required to contain at least three good-quality tracks to enrich the sample
in e+e� ! hadrons processes while suppressing beam-induced background, Bhabha scattering, and
other low-multiplicity processes. The charged-kaon and -pion candidate tracks are required to have
transverse (longitudinal) displacement from the interaction point |d0| < 0.5 cm (|z0| < 3.0 cm).
A requirement on the (binary) particle- identification likelihood ratio of > 0.6 is applied to K
candidates. Candidate ⇢ and K0

S decays are restricted to |M(⇡+⇡0) � m⇢| < 100 MeV/c2 and
0.45 < M(⇡+⇡+) < 0.55 GeV/c2, respectively. A cos ✓⇢ > -0.8 requirements is applied for
B ! D⇢ candidates to further suppress combinatorial backgrounds. The invariant masses of D0

and D+ candidates are restricted to 1.84 < M(K�⇡+,K�⇡+⇡0,K�⇡+⇡�⇡+) < 1.89 GeV/c2

and 1.844 < M(K�⇡+⇡+) < 1.894 GeV/c2, respectively. Candidate D⇤+ decays are required
to meet 0.143 < M(D0⇡+) � MD0 < 0.147 GeV/c2 and D⇤0 candidates are required to have
0.14 < M(D0⇡0) � MD0 < 0.144 GeV/c2, where MD0 is the known D0 mass. Contributions
from continuum qq background are suppressed with the following requirements on the second
(normalized) Fox-Wolfram moment, R2 < 0.3 and 0.25 for B ! D(⇤)⇡ and B ! D⇢ modes,
respectively. Events shown are restricted to the signal region Mbc > 5.27 GeV/c2. The signal
yields from individual channel using a signal enhanced 2D fit of �E and Mbc are shown in table I.
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FIG. 2: Distribution of Mbc for all B+/0 ! D(⇤)h+ candidates reconstructed in 5.15 fb�1 of collision
data. Events are required to contain at least three good-quality tracks to enrich the sample in
e+e� ! hadrons processes while suppressing beam-induced background, Bhabha scattering, and
other low-multiplicity processes. The charged-kaon and -pion candidate tracks are required to have
transverse (longitudinal) displacement from the interaction point |d0| < 0.5 cm (|z0| < 3.0 cm).
A requirement on the (binary) particle- identification likelihood ratio of > 0.6 is applied to K
candidates. Candidate ⇢ and K0

S decays are restricted to |M(⇡+⇡0) � m⇢| < 100 MeV/c2 and
0.45 < M(⇡+⇡+) < 0.55 GeV/c2, respectively. A cos ✓⇢ > -0.8 requirements is applied for
B ! D⇢ candidates to further suppress combinatorial backgrounds. The invariant masses of D0

and D+ candidates are restricted to 1.84 < M(K�⇡+,K�⇡+⇡0,K�⇡+⇡�⇡+) < 1.89 GeV/c2

and 1.844 < M(K�⇡+⇡+) < 1.894 GeV/c2, respectively. Candidate D⇤+ decays are required
to meet 0.143 < M(D0⇡+) � MD0 < 0.147 GeV/c2 and D⇤0 candidates are required to have
0.14 < M(D0⇡0) � MD0 < 0.144 GeV/c2, where MD0 is the known D0 mass. Contributions
from continuum qq background are suppressed with the following requirements on the second
(normalized) Fox-Wolfram moment, R2 < 0.3 and 0.25 for B ! D(⇤)⇡ and B ! D⇢ modes,
respectively. Events shown are restricted to the signal region |�E| < 0.05 GeV. The signal yields
from individual channel using a signal enhanced 2D fit of �E and Mbc are shown in table I.
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Flavour data sets from colliders

• Order of magnitude increase in e+e- Y(4S) dataset - focus of this presentation. 
• Advances in lattice QCD will also be crucial for improved precision tests of the SM.

15

Experiment ∫ L dt: Now ∫ L dt: 5 years σ(bb) σ(cc)  σ(ss) Operation
Babar 530 fb-1 - 1.1 nb 1.6 nb 0.4 nb 1999-2008
Belle 1040 fb-1 - 1.1 nb 1.6 nb 0.4 nb 1999-2010

Belle II >0.5 fb-1  

(50 ab-1) 15-20 ab-1 1.1 nb 1.6 nb 0.4 nb 2018-

BESIII ~16 fb-1 ~30 fb-1 - 6 nb (3770 MeV) - 2008-

KLOE-2 5.5 fb-1 - - - ~3 µb (1020 
MeV) 2014-2018

ATLAS 140 fb-1 ~300 fb-1 250-500 µb - - 2009-
CMS 140 fb-1 ~300 fb-1 250-500 µb - - 2009-

LHCb 8 fb-1 23 fb-1 250-500 µb 1200- 2400 µb (∼1013 KS / fb−1) 2009-
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LHCb projected datasets
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Upgrade I

Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.

for the experiment as a function of time is shown in Fig. 2.1 and a diagram of the proposed
detector design in Fig. 2.2.

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the

6

!2

LHCb upgrade II plans and timescales

LHC HL-LHC
BELLE 2

U1a  →  U1b

CERN-LHCC-2017-003, CERN-LHCC-2018-027

LHCb run 3 will 
have an upgraded 
trigger improving 
hadronic mode 
sensitivity.

II
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• The SM describes the mixing of quarks 
of different generations through the 
weak force.

3 Generations, 1 Phase: single 
source of CPV in the SM. 

Wolfenstein parameterisation: 
Phase invariant, conserving CKM 
matrix unitarity at any order in λ. 
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→ physics beyond SM 
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B → ππ, ρρ Φ2 B→D l ν / b → c l ν |Vcb| via Form factor  / OPE

B → D(*) K(*) Φ3 B→π l ν / b → u l ν |Vub| via Form factor  / OPE

B → J/ψ Ks Φ1 M → l ν (γ) |VUD| via Decay constant fM
Bs → J/ψ Φ βs εK (ρ, η ) via BK

K → π ν anti-ν ρ, η Δmd, Δms |Vtb Vt{d,s}| via Bag factor BB

B(s) → µ+ µ- |Vt{d,s}| via Decay constant fB

Some decays worth combining

Exp. uncertainties Th. uncertainties
B ! ⇡⇡, ⇢⇢ ↵ B(b)! D(c)`⌫ |Vcb| vs form factor (OPE)
B ! DK � B(b)! D(c)`⌫ |Vcb| vs form factor (OPE)

M ! `⌫(�) |VUD| vs fM
B ! J/ Ks � ✏K (⇢̄, ⌘̄) vs BK
B ! J/ � �s �Md ,�Ms |VtbVtd ,s| vs BB
K ! ⇡⌫⌫̄ (⇢̄, ⌘̄) B ! `+`� |Vtd ,s| vs fB

Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 6

A handle on these parameters

d ! u: Nuclear physics (superallowed � decays)
s ! u: Kaon physics (KLOE, KTeV, NA62)
c ! d , s: Charm physics (CLEO-c, BESIII)
b ! u, c and t ! d , s: B physics (Babar, Belle, CDF/DØ, LHCb)
t ! b: Top physics (CDF/DØ, ATLAS, CMS)

data = weak ⌦ QCD =) Need for hadronic inputs (lattice)
and deconvolution (statistics)

Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 5

Observables with very different 
properties 

Tree: e.g., |Vub|, Φ3 
Loop: e.g., ∆md , ∆ms , εK , sin(2β) 

CP-conserving: e.g., |Vub|, ∆md, ∆ms 
CP-violating: e.g., γ, εK , sin(2β) 

Exp. uncs.: e.g., α, sin(2β), γ 
Syst. uncs.: e.g., |Vub|, |Vcb|, εK, ∆md, ∆ms 
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Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 6

A handle on these parameters

d ! u: Nuclear physics (superallowed � decays)
s ! u: Kaon physics (KLOE, KTeV, NA62)
c ! d , s: Charm physics (CLEO-c, BESIII)
b ! u, c and t ! d , s: B physics (Babar, Belle, CDF/DØ, LHCb)
t ! b: Top physics (CDF/DØ, ATLAS, CMS)

data = weak ⌦ QCD =) Need for hadronic inputs (lattice)
and deconvolution (statistics)
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Analysis and results

Consistency among classes of observables
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• Global fit remains excellent: 

ICHEP’16: p-value ∼ 21% (1.3σ) → 
CKM’18: p-value ∼ 51% (0.7σ) 
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Analysis and results

Overall results of the 2018 update

Global fit remains excellent:

ICHEP’16: p-value ≥ 21% (1.3‡) æ CKM’18: p-value ≥ 51% (0.7‡)

A = 0.8403 +0.0056
≠0.0201 (2% unc.)

⁄ = 0.224747 +0.000254
≠0.000059 (0.07% unc.)

fl̄ = 0.1577 +0.0096
≠0.0074 (5% unc.)

÷̄ = 0.3493 +0.0095
≠0.0071 (2% unc.)

68% C.L. intervals
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Determination of UT sides
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• 3-ways to measure |VCKM| with leptonic and semileptonic decays

to the detector acceptance, e�ciency of particle detection, and the companion B meson76

reconstruction e�ciency expected in Belle II have a large impact on physics potential. The77

slightly reduced beam energy asymmetry at Super KEKB compared to KEKB leads to a78

small increase in solid angle coverage. Improved particle identification, and K0
S reconstruction79

e�ciency improves separation between b ! u and b ! c ! s transitions. Dedicated low-80

momentum tracking algorithms will improve tagging e�ciencies and identification of events81

that have slow pions from D⇤ decays. The latter is also very important for b ! c background82

rejection in inclusive b ! u`⌫ analyses. See Sec. ?? for more details on companion B meson83

reconstruction and expected performance at Belle II.84

1.2. Matrix Elements of Electroweak Currents85

Author: A. S. Kronfeld (th.)86

As hadronic matrix elements in exclusive leptonic and semileptonic decays are used in87

Chapter ??, as well as here, it is convenient to standardise notation by collecting the neces-88

sary formulae in one place. To keep the notation general, we write the definitions of decay89

constants and form factors using B mesons in the initial state decaying to either pseu-90

doscalar mesons (P = D, ⇡, K) or vector mesons (V = D⇤, ⇢, K⇤) in the final state. The91

CKM elements for the tree-level decays will be abbreviated Vqb, where q = c, u.92

1.2.1. Leptonic Decays B+
! `+⌫ and B ! `+`�. At leading order in the electroweak93

interaction, the amplitude for the leptonic decay contains a hadronic factor94

h0|Aµ
|B(p)i = ipµfB, (2)

where Aµ is an axial-vector current (for the charged current, Aµ = b̄�µ�5u – at Belle II, B+
c95

decays will not be studied), and the decay constant fB is a useful parametrisation, because96

the only Lorentz structure available is the B-meson 4-momentum pµ. By conservation of97

angular momentum, the only other non-vanishing matrix element for B ! no hadrons is98

h0|P |B(p)i = �i
M2

B

mb + mu
fB, (3)

where P is the pseudoscalar density (here P = b̄�5u), MB is the B-meson mass, and mb and99

mu are renormalized quark masses.1 The decay constant fB is the same in Eqs. (2) and (3)100

owing to the partial conservation of the axial-vector current (PCAC), @ · A = i(mb + mu)P ,101

which holds when Aµ, P , and the masses are renormalized consistently. These considerations102

apply amplitudes both to the charged-current decay B+
! `+⌫` and to the flavor-changing103

neutral-current (FCNC) decay B0
(s) ! `+`�. In each formula in this section, MB and fB are104

the mass and decay constant of the B±, B0, or Bs meson, as the case may be.105

The partial width for either decay is (assuming axial contributions only)106

�(B ! `1`2) =
MB

4⇡
|G|

2f2
B⇣12

�1/2
12

M2
B

, (4)

1 We use lower case m for masses of elementary particles (quarks and leptons) and upper case M
for hadron masses.
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+z axis, the polarisation vectors, respectively, are (q0 = MB � EV , EV = p · k/MB)

✏(W )
s =

1p
q2

�
q0, 0, 0, �|k|

�
=

qp
q2

, (26)

✏(W )
0 =

1p
q2

�
|k|, 0, 0, �q0

�
, (27)

✏(W )
± =

1
p

2
(0, ±1, �i, 0) , (28)

where k is the three-momentum of the final-state vector meson in the rest frame of the B.

The subscript t denotes the J = 0 partial wave (for historical reasons), and 0 and ± denote

the Jz component of the J = 1 partial wave. Similarly

✏(V )
0 =

1

MV
(|k|, 0, 0, EV ) , (29)

✏(V )
± =

1
p

2
(0, ⌥1, �i, 0) (30)

provide the polarisation vectors for the final-state vector meson. In Eqs. (24)–(25), a bar162

on a polarisation vector denotes complex conjugation in Minkowski space, and complex163

conjugation of only the spatial components in Euclidean space (useful in lattice QCD).164

The helicity amplitudes Ha = hV (k, ✏(V ))|✏̄(W )
a · (V � A)|B(p)i are then

Hs(q
2) = �

�1/2

p
q2

A0(q
2), (31)

H0(q
2) = �

p
q2(M2

B + 3M2
V � q2)

2MV (MB � MV )
A1(q

2) �
�

(M2
B � M2

V )
p

q2
A3(q

2), (32)

H±(q2) = �(MB + MV )A1(q
2) ±

�1/2

MB + MV
V (q2), (33)

where the Källén function � is the same as before, except with MV instead of MP . In Hs and165

H0, the final-state vector meson has Jz = 0; in H±, it has Jz = ±1. Note that in lattice QCD,166

it is most straightforward to compute A1, V , and two more linear combinations of A0, A1,167

and A3. The full amplitude is then proportional to
P

ab gabLaHb = LsHs � L0H0 � L+H+ �168

L�H�, a 2 {t, 0, +, �}, with lepton helicity amplitudes La = ū(⌫)� · ✏(W )
a (1 � �5)v(`).169

The triply di↵erential rate (in q3, cos ✓, and �, which is the angle between the decay planes

of B and V ) for the semileptonic decay B+
! V 0`+⌫` can be found in Refs. [6]. Integrating

over all angles,

d�

dq2
= Cq|⌘EW|

2G2
F |Vqb|

2

(2⇡)3
�1/2

4M3
B

�1/2
12

q2

n
q2�12

h
|H+|

2 + |H�|
2 + |H0|

2
i

+ ⇣12|Hs|
2
o

, (34)

where Cq = 1/2 for ⇢0 and 1 otherwise, �12 and ⇣12 are obtained from Eqs. (5) and (6) by170

substituting M2
B ! q2, and171

�12 = 1 �
m2

1 + m2
2

q2
�

�12

q22
. (35)
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where G contains couplings and (for FCNCs) loop factors, m1 and m2 are the lepton masses,

and

�12 = (M2
B � m2

1 � m2
2)

2
� 4m2

1m
2
2, (5)

⇣12 = m2
1 + m2

2 �
(m2

1 � m2
2)

2

M2
B

, (6)

where m1 and m2 are the masses of the final-state leptons. These formulas do not hold when 107

the final-state leptons’ masses di↵er unless the interaction boils down to V ± A. In a general 108

setting, |G|
2⇣12 must be replaced with a more complicated expression. Processes such as 109

B0
! µ±⌧⌥ have unmeasurably small rates in the Standard Model, so the general formula 110

is not important. 111

In the Standard Model (SM), one finds

G =
GF
p

2
Vub, (m⌫` ! 0), charged-current decay B+

! `+⌫`, (7)

G =
G2

Fm2
W

⇡2
V ⇤
tbVtqCA, FCNC decay B0

(s) ! `+`�, q 2 {d, s}, (8)

where GF is the Fermi constant, V is the CKM matrix, mW is the W -boson mass, and CA 112

is the Wilson coe�cient obtained from integrating out the massive W , Z, and top quark. 113

Reference [1] contains results for CA including QED corrections. 114

The factor of the lepton mass in the leptonic-decay amplitude arises because the lepton 115

has to flip its spin to conserve angular momentum. This helicity suppression (for ` = e, µ) 116

does not apply to the radiative leptonic decay B+
! `+⌫`�. This feature is relevant for 117

D+
(s) ! µ+⌫µ(�) and important for B+

! µ+⌫µ(�) [2]. (For the D(s) decay, Ref. [3] esti- 118

mates a 1% e↵ect for photon cuts used in existing measurements.) Once measurements of 119

the B+
! µ+⌫µ branching fraction are made with a precision of a few percent, theorists 120

should revisit the radiative corrections; for light mesons these issues are under control [4]. 121

As discussed in Sec. 1.4.1, when the photon is hard, E� ⇠
1
2MB, these decays can be used to 122

extract information about B-meson structure that can be used in the theory of non-leptonic 123

decays [5]. 124

1.2.2. Semileptonic Decay to a Pseudoscalar Meson. The amplitudes for the semilep- 125

tonic decays B0
! P�`+⌫` and B+

! P 0`⌫` , at leading order in the electroweak interaction, 126

contain the hadronic factor 127

hP (k)|V µ
|B(p)i =

✓
pµ + kµ

�
M2

B � M2
P

q2
qµ
◆

f+(q2) +
M2

B � M2
P

q2
qµ f0(q

2), (9)

where V µ is the vector part of the weak current (V µ = b̄�µu for B ! ⇡ and Bs ! K, and 128

V µ = b̄�µc for B ! D and Bs ! Ds). Two 4-vectors appear in this process, and, hence, two 129

form factors, which are functions of q2 (where q = p � k). The vector (scalar) form factor 130

f+ (f0) arises when the ⌫` system has JP = 1� (0+). At q2 = 0, f0(0) = f+(0). 131

Beyond the SM, scalar and tensor currents can mediate these decays. Such contributions

to the decay amplitude entail the scalar and tensor form factors

hP (k)|S|B(p)i =
M2

B � M2
P

mb � mq
f0(q

2), (10)

hP (k)|Tµ⌫
|B(p)i =

2

MB + MP
(pµk⌫

� p⌫kµ) fT (q2), (11)
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Γ(B → Xc!ν) =
G2

Fm5
b

192π3
|Vcb|

2[[1 + Aew]AnonpertApert]

• Leptonic: decay constant from LQCD

• Exclusive semileptonic: form factor parameterisation with 
normalisation from LQCD or Light Cone Sum Rules

• Inclusive semileptonic: Heavy quark symmetry if you measure 
the full rate, described by heavy quark expansion

Florian Bernlochner BPAC Report for the Missing Energy and EWP Physics Groups
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Semileptonic and Missing Energy Decay WG
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Measuring |Vub| and |Vcb|
* Decays don’t happen at quark level, non-perturbative physics make things
complicated
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* Hadronic transition matrix element needs to be Lorentz covariant
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! On-shell B ! X decay: form factors encode non-perturbative physics

* Form factors unknown functions of q
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* E.g. decay rate in the SM for B ! scalar ` ⌫̄` decay: f = single form factor
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where G contains couplings and (for FCNCs) loop factors, m1 and m2 are the lepton masses,

and

�12 = (M2
B � m2

1 � m2
2)

2
� 4m2

1m
2
2, (5)

⇣12 = m2
1 + m2

2 �
(m2

1 � m2
2)

2

M2
B

, (6)

where m1 and m2 are the masses of the final-state leptons. These formulas do not hold when 107

the final-state leptons’ masses di↵er unless the interaction boils down to V ± A. In a general 108

setting, |G|
2⇣12 must be replaced with a more complicated expression. Processes such as 109

B0
! µ±⌧⌥ have unmeasurably small rates in the Standard Model, so the general formula 110

is not important. 111

In the Standard Model (SM), one finds

G =
GF
p

2
Vub, (m⌫` ! 0), charged-current decay B+

! `+⌫`, (7)

G =
G2

Fm2
W

⇡2
V ⇤
tbVtqCA, FCNC decay B0

(s) ! `+`�, q 2 {d, s}, (8)

where GF is the Fermi constant, V is the CKM matrix, mW is the W -boson mass, and CA 112

is the Wilson coe�cient obtained from integrating out the massive W , Z, and top quark. 113

Reference [1] contains results for CA including QED corrections. 114

The factor of the lepton mass in the leptonic-decay amplitude arises because the lepton 115

has to flip its spin to conserve angular momentum. This helicity suppression (for ` = e, µ) 116

does not apply to the radiative leptonic decay B+
! `+⌫`�. This feature is relevant for 117

D+
(s) ! µ+⌫µ(�) and important for B+

! µ+⌫µ(�) [2]. (For the D(s) decay, Ref. [3] esti- 118

mates a 1% e↵ect for photon cuts used in existing measurements.) Once measurements of 119

the B+
! µ+⌫µ branching fraction are made with a precision of a few percent, theorists 120

should revisit the radiative corrections; for light mesons these issues are under control [4]. 121

As discussed in Sec. 1.4.1, when the photon is hard, E� ⇠
1
2MB, these decays can be used to 122

extract information about B-meson structure that can be used in the theory of non-leptonic 123

decays [5]. 124

1.2.2. Semileptonic Decay to a Pseudoscalar Meson. The amplitudes for the semilep- 125

tonic decays B0
! P�`+⌫` and B+

! P 0`⌫` , at leading order in the electroweak interaction, 126

contain the hadronic factor 127

hP (k)|V µ
|B(p)i =

✓
pµ + kµ

�
M2

B � M2
P

q2
qµ
◆

f+(q2) +
M2

B � M2
P

q2
qµ f0(q

2), (9)

where V µ is the vector part of the weak current (V µ = b̄�µu for B ! ⇡ and Bs ! K, and 128

V µ = b̄�µc for B ! D and Bs ! Ds). Two 4-vectors appear in this process, and, hence, two 129

form factors, which are functions of q2 (where q = p � k). The vector (scalar) form factor 130

f+ (f0) arises when the ⌫` system has JP = 1� (0+). At q2 = 0, f0(0) = f+(0). 131

Beyond the SM, scalar and tensor currents can mediate these decays. Such contributions

to the decay amplitude entail the scalar and tensor form factors

hP (k)|S|B(p)i =
M2

B � M2
P

mb � mq
f0(q

2), (10)

hP (k)|Tµ⌫
|B(p)i =

2

MB + MP
(pµk⌫

� p⌫kµ) fT (q2), (11)
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+z axis, the polarisation vectors, respectively, are (q0 = MB � EV , EV = p · k/MB)

✏(W )
s =

1p
q2

�
q0, 0, 0, �|k|

�
=

qp
q2

, (26)

✏(W )
0 =

1p
q2

�
|k|, 0, 0, �q0

�
, (27)

✏(W )
± =

1
p

2
(0, ±1, �i, 0) , (28)

where k is the three-momentum of the final-state vector meson in the rest frame of the B.

The subscript t denotes the J = 0 partial wave (for historical reasons), and 0 and ± denote

the Jz component of the J = 1 partial wave. Similarly

✏(V )
0 =

1

MV
(|k|, 0, 0, EV ) , (29)

✏(V )
± =

1
p

2
(0, ⌥1, �i, 0) (30)

provide the polarisation vectors for the final-state vector meson. In Eqs. (24)–(25), a bar162

on a polarisation vector denotes complex conjugation in Minkowski space, and complex163

conjugation of only the spatial components in Euclidean space (useful in lattice QCD).164

The helicity amplitudes Ha = hV (k, ✏(V ))|✏̄(W )
a · (V � A)|B(p)i are then

Hs(q
2) = �

�1/2

p
q2

A0(q
2), (31)

H0(q
2) = �

p
q2(M2

B + 3M2
V � q2)

2MV (MB � MV )
A1(q

2) �
�

(M2
B � M2

V )
p

q2
A3(q

2), (32)

H±(q2) = �(MB + MV )A1(q
2) ±

�1/2

MB + MV
V (q2), (33)

where the Källén function � is the same as before, except with MV instead of MP . In Hs and165

H0, the final-state vector meson has Jz = 0; in H±, it has Jz = ±1. Note that in lattice QCD,166

it is most straightforward to compute A1, V , and two more linear combinations of A0, A1,167

and A3. The full amplitude is then proportional to
P

ab gabLaHb = LsHs � L0H0 � L+H+ �168

L�H�, a 2 {t, 0, +, �}, with lepton helicity amplitudes La = ū(⌫)� · ✏(W )
a (1 � �5)v(`).169

The triply di↵erential rate (in q3, cos ✓, and �, which is the angle between the decay planes

of B and V ) for the semileptonic decay B+
! V 0`+⌫` can be found in Refs. [6]. Integrating

over all angles,

d�

dq2
= Cq|⌘EW|

2G2
F |Vqb|

2

(2⇡)3
�1/2

4M3
B

�1/2
12

q2

n
q2�12

h
|H+|

2 + |H�|
2 + |H0|

2
i

+ ⇣12|Hs|
2
o

, (34)

where Cq = 1/2 for ⇢0 and 1 otherwise, �12 and ⇣12 are obtained from Eqs. (5) and (6) by170

substituting M2
B ! q2, and171

�12 = 1 �
m2

1 + m2
2

q2
�

�12

q22
. (35)
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Status and prospects, Ru ~ Vub/Vcb
• Current precision:  

2% for |Vcb|,  
5-6% for |Vub|,  
but sizeable tension between exclusive 
and inclusive. 

• Belle II should fully resolve this tension 
within 5 years (inclusive, exclusive, 
leptonic), combined with LQCD 
improvements.

23October 4th 2019 A. Gaz 18

Sides: R
u
 – status and prospects

● Current precision: < 2% for |V
cb
|, 5-6% for |V

ub
|;

● |V
cb
|: progress will be driven by exclusive B  D! (*) l n decays thanks to better 

understanding of the form factors from Lattice QCD;

● |V
ub
|: big improvement driven by 

Lattice QCD, exclusive 
determinations will dominate the 
average!

Tagged B  ! p l n analysis

Belle Belle II 5 ab-1 Belle II 50 ab-1

|V
ub
| exclusive (tagged) (3.8 ⌃ 7.0)% (1.8 ⌃ 1.7)% (1.2 ⌃ 0.9)%

|V
ub
| exclusive (untagged) (2.7 ⌃ 7.0)% (1.2 ⌃ 1.7)% (0.9 ⌃ 0.9)%

|V
ub
| inclusive (6.0 ⌃ 2.5-4.5)% (2.3 ⌃ 2.5-4.5)% (1.7 ⌃ 2.5-4.5)%

Projected errors: (Experiment ⊕ Theory)

HFLAV World Average

(conservatively assuming no 
progress on inclusive |V

cb
| )

Recent |Vcb| exclusive results 
Babar, Phys. Rev. Lett. 123, 091801 (2019) 

Belle, Phys. Rev. D 100, 052007 (2019)



WHEPP 2019 Phillip URQUIJO

Observation of B→D* l ν at Belle II

24

Signals for B→ D*+ l- ν, D*+→D0 π+ using cosθBD*l variable 
Clear signals are found in both the electron and muon modes.

34 CHAPTER 4. EVENT RECONSTRUCTION

60 CHAPTER 6. ANALYSIS PROCEDURE

tion is constrained to lie on a cone centred on the D���+ momentum vector as shown in

Figure 6.12. The opening angle of this cone, �B0,D���+ is computed for each event. The

cosine of the angle �B0,D���+ is determined by applying conservation of momentum of the

B0 � D�+�� decay,

B

B

�p
⇤

inclusive

D
⇤
` �p

⇤
D⇤`

�p
⇤

inclusive

F1|Vcb|

e
+
e

�
! qq̄ q

u d s c

⌥(4S)

B

B

�1JODMVTJWF

Figure 6.12: Illustration of the B0 reconstruction technique.

pB = pD� + p� + p� , (6.1)

p� = (pB � pD��). (6.2)

By squaring Equation. 6.2 and setting p� = 0, we get

0 = m2
B +m2

D�� � 2 (pB · pD��),

0 = m2
B +m2

D�� � 2 (EBE�
D�� � �p�B�p

�
D�� cos �B,D��),

(6.3)

and obtain an expression for cos �B,D�� as

cos �B,D�� = 2E�
BE

�
D�� �m2

B �m2
D��

2| �p�B||�p�D��|
. (6.4)

In the above equation, the energies, masses and momenta of the D� and the � are found

through particle reconstruction and E�
B is taken from the known beam energy, Ebeam. The

beam energy information is used to calculate the mass, energy and momentum of the B0.

The (�) indicates quantities calculated in the CM frame. This is a very important variable

for discriminating between signal and background, and is later used in a fit to measure

the background yields.
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which in case of a single particle not being reconstructed in the whole event, corresponds to714

the squared mass of this missing particle. Hence, in the case of events with only one missing715
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FIG. 7. The fitted distribution of pBµ for the four signal categories described in the text. The signal and background templates
are shown as histograms and the recorded collision events as data points with uncertainties. The systematic uncertainties on
the signal and background templates are shown as a hatched band.

FIG. 8. The likelihood ratio contour ⇤(⌫sig) as a function of

the number of B+ ! µ+ ⌫µ signal events is shown: the dot-
ted curve shows the contour incorporating only the statisti-
cal uncertainty with all systematic nuisance parameters fixed
at their best-fit value. The solid curve shows full likelihood
contour including all systematic and statistical uncertainties.
The orange data point and errors shows the determined best-
fit value and the 1� (statistical + systematic) uncertainty.

The observed branching fraction is used to constrain
the allowed parameter space of the two-Higgs-doublet

model (2HDM) of type II and type III. In these mod-
els the presence of charged Higgs bosons as a new medi-
ator with specific couplings would modify the observed
branching fraction, cf. Fig. 1. The e↵ect of the charged
Higgs boson in the type II model is included in the ex-
pected B+ ! µ+ ⌫µ branching fraction by modifying
Eq. 1 according to Ref. [45] to

B(B+ ! µ+ ⌫µ) = BSM ⇥
 
1� m2

B tan2 �

m2
H

+

!2

, (28)

with BSM denoting the SM branching fraction, tan� be-
ing the ratio of the vacuum expectation values of the
two Higgs fields in the model, and m

H
+ the mass of the

charged Higgs boson. The type III model further gener-
alizes the couplings to [46, 47]

B(B+ ! µ+ ⌫µ) = BSM⇥

�����1 +
m2

B

mb mµ

✓
Cµ

R

CSM
� Cµ

L

CSM

◆�����

2

,

(29)
with mb denoting the b quark mass and the Cµ

R/L
are the

coe�cients encoding the new physics contribution. Fig-
ure 10 shows the allowed and excluded parameter regions
at 68% (light blue) and 95% (dark blue) CL as calculated
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FIG. 9. The observed Bayesian (yellow dash-dotted) and Frequentist (blue) upper limits at 90% CL are shown, along with
the SM expectation of the B+ ! µ+ ⌫µ branching fraction and the Bayesian and Frequentist PDFs.

FIG. 10. The 68% and 95% CL excluded model parameter
space for the 2HDM type II (tan�, m

H
+) and type III (C

µ

L ,

C
µ

R) are shown. The coe�cients C
µ

L and C
µ

R are assumed to
be real.

using the observed branching fraction Eq. 24 and by con-
structing a �2 test. For the SM branching fraction pre-
diction we use BSM = (4.3± 0.8)⇥ 10�7 calculated as-
suming an average value of |Vub| = (3.94± 0.36))⇥ 10�3

from Ref. [5]. Due to the explicit lepton mass dependence
in the type III model, the constructed bounds on Cµ

L/R

are more precise than any existing limits on C⌧

L/R based

on results from studying B+ ! ⌧+ ⌫⌧ decays.
To search for sterile neutrinos in B+ ! µ+ N we fix

the B+ ! µ+ ⌫µ contribution to its SM value (BSM)
and search simultaneously in the four categories for an
excess in the pBµ distributions. From the observed yields
and our simulated predictions we calculate local p0 values
using the test statistic Eq. 16. The observed p0 values
are shown in Fig. 11 for sterile neutrino masses rang-
ing from 0 - 1.5 GeV, and no significant excess over the
background-only SM hypothesis is observed. The largest
deviation is seen at a mass of mN = 1 GeV with a sig-
nificance of 1.8 �. The result does not account for any
corrections for the look-elsewhere e↵ect. We also calcu-
late the Bayesian upper limit on the branching fraction
from the extracted signal yield of theB+ ! µ+ N process
with the B+ ! µ+ ⌫µ contribution fixed to its SM value.
The upper limit as a function of the sterile neutrino mass
is also shown in Fig. 11. To compare the upper limit from
the B+ ! µ+ N process to previous searches [48? –54]
for sterile neutrinos we calculate the excluded values of
the coupling

��UµN

��2 and the sterile neutrino mass mN

using [55]

B(B+ ! µ+N)

B(B+ ! µ+⌫µ)
=

��UµN

��2 m2
N +m2

µ

m2
µ

q
�(rNB , rµB )
q

�(0, rµB )

⇥
1� (r2NB � r2µB )

2/(r2NB + r2µB )

1� r2µB
,

(30)
with rXY = mX/mY and the Källén function �(x, y) =
(1 � (x � y)2)(1 � (x + y)2). The excluded values from
this and the previous searches are shown in Fig. 11.
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|Vub| and LFU in B→lν

• 5 σ discoveries of B→ τ ν and 
B→ µ ν expected with < 5 ab-1.
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8 Leptonic and Semileptonic B Decaysb c
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Fig. 59: Feynman diagrams of purely leptonic B+ decays, mediated by a charged weak boson

(left) or a charged Higgs as predicted in new physics models (right).

8.2. Matrix Elements of Electroweak Currents

Author: A. S. Kronfeld (th.)

As hadronic matrix elements in exclusive leptonic and semileptonic decays are used in

Chapter 9, as well as here, it is convenient to standardise notation by collecting the neces-

sary formulae in one place. To keep the notation general, we write the definitions of decay

constants and form factors using B mesons in the initial state decaying to either pseu-

doscalar mesons (P = D, ⇡, K) or vector mesons (V = D⇤, ⇢, K⇤) in the final state. The

CKM elements for the tree-level decays will be abbreviated Vqb, where q = c, u.

8.2.1. Leptonic Decays B+ ! `+⌫ and B ! `+`�. At leading order in the electroweak

interaction, the amplitude for the leptonic decay contains a hadronic factor

h0|Aµ|B(p)i = ipµfB, (89)

where Aµ is an axial-vector current (for the charged current, Aµ = b̄�µ�5u – at Belle II, B+
c

decays will not be studied), and the decay constant fB is a useful parametrisation, because

the only Lorentz structure available is the B-meson 4-momentum pµ. By conservation of

angular momentum, the only other non-vanishing matrix element for B ! no hadrons is

h0|P |B(p)i = �i
M2

B

mb + mu
fB, (90)

where P is the pseudoscalar density (here P = b̄�5u), MB is the B-meson mass, and mb and

mu are renormalised quark masses.21 The decay constant fB is the same in Eqs. (89) and (90)

owing to the partial conservation of the axial-vector current (PCAC), @ · A = i(mb + mu)P ,

which holds when Aµ, P , and the masses are renormalised consistently. These considerations

apply amplitudes both to the charged-current decay B+ ! `+⌫` and to the flavour-changing

neutral-current (FCNC) decay B0
(s) ! `+`�. In each formula in this section, MB and fB are

the mass and decay constant of the B±, B0, or Bs meson, as the case may be. Feynman

diagrams of SM and beyond SM leptonic B+ decays are shown in Fig. 59.

The partial width for either decay is (assuming axial contributions only)

�(B ! `1`2) =
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21 We use lower case m for masses of elementary particles (quarks and leptons) and upper case M
for hadron masses.
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As hadronic matrix elements in exclusive leptonic and semileptonic decays are used in

Chapter 9, as well as here, it is convenient to standardise notation by collecting the neces-

sary formulae in one place. To keep the notation general, we write the definitions of decay

constants and form factors using B mesons in the initial state decaying to either pseu-
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where Aµ is an axial-vector current (for the charged current, Aµ = b̄�µ�5u – at Belle II, B+
c

decays will not be studied), and the decay constant fB is a useful parametrisation, because

the only Lorentz structure available is the B-meson 4-momentum pµ. By conservation of

angular momentum, the only other non-vanishing matrix element for B ! no hadrons is

h0|P |B(p)i = �i
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mb + mu
fB, (90)

where P is the pseudoscalar density (here P = b̄�5u), MB is the B-meson mass, and mb and

mu are renormalised quark masses.21 The decay constant fB is the same in Eqs. (89) and (90)

owing to the partial conservation of the axial-vector current (PCAC), @ · A = i(mb + mu)P ,

which holds when Aµ, P , and the masses are renormalised consistently. These considerations

apply amplitudes both to the charged-current decay B+ ! `+⌫` and to the flavour-changing

neutral-current (FCNC) decay B0
(s) ! `+`�. In each formula in this section, MB and fB are

the mass and decay constant of the B±, B0, or Bs meson, as the case may be. Feynman

diagrams of SM and beyond SM leptonic B+ decays are shown in Fig. 59.

The partial width for either decay is (assuming axial contributions only)

�(B ! `1`2) =
MB

4⇡
|G|2f2
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21 We use lower case m for masses of elementary particles (quarks and leptons) and upper case M
for hadron masses.
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Total uncertainty

B2TiP Forecasts 
T. Kaneko, ASK, S. Simula

Nf forecast fB[MeV] fBs [MeV] fBs/ fB
current 188(3) 227(4) 1.203(7)
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2+1+1 5 yr w/ EM 188(2.4) 227(3.0) 1.203(0.0125)
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FIG. 7. The fitted distribution of pBµ for the four signal categories described in the text. The signal and background templates
are shown as histograms and the recorded collision events as data points with uncertainties. The systematic uncertainties on
the signal and background templates are shown as a hatched band.

FIG. 8. The likelihood ratio contour ⇤(⌫sig) as a function of

the number of B+ ! µ+ ⌫µ signal events is shown: the dot-
ted curve shows the contour incorporating only the statisti-
cal uncertainty with all systematic nuisance parameters fixed
at their best-fit value. The solid curve shows full likelihood
contour including all systematic and statistical uncertainties.
The orange data point and errors shows the determined best-
fit value and the 1� (statistical + systematic) uncertainty.

The observed branching fraction is used to constrain
the allowed parameter space of the two-Higgs-doublet

model (2HDM) of type II and type III. In these mod-
els the presence of charged Higgs bosons as a new medi-
ator with specific couplings would modify the observed
branching fraction, cf. Fig. 1. The e↵ect of the charged
Higgs boson in the type II model is included in the ex-
pected B+ ! µ+ ⌫µ branching fraction by modifying
Eq. 1 according to Ref. [45] to

B(B+ ! µ+ ⌫µ) = BSM ⇥
 
1� m2

B tan2 �

m2
H

+

!2

, (28)

with BSM denoting the SM branching fraction, tan� be-
ing the ratio of the vacuum expectation values of the
two Higgs fields in the model, and m

H
+ the mass of the

charged Higgs boson. The type III model further gener-
alizes the couplings to [46, 47]

B(B+ ! µ+ ⌫µ) = BSM⇥

�����1 +
m2

B

mb mµ

✓
Cµ

R

CSM
� Cµ

L

CSM

◆�����

2

,

(29)
with mb denoting the b quark mass and the Cµ

R/L
are the

coe�cients encoding the new physics contribution. Fig-
ure 10 shows the allowed and excluded parameter regions
at 68% (light blue) and 95% (dark blue) CL as calculated
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FIG. 9. The observed Bayesian (yellow dash-dotted) and Frequentist (blue) upper limits at 90% CL are shown, along with
the SM expectation of the B+ ! µ+ ⌫µ branching fraction and the Bayesian and Frequentist PDFs.

FIG. 10. The 68% and 95% CL excluded model parameter
space for the 2HDM type II (tan�, m

H
+) and type III (C

µ

L ,

C
µ

R) are shown. The coe�cients C
µ

L and C
µ

R are assumed to
be real.

using the observed branching fraction Eq. 24 and by con-
structing a �2 test. For the SM branching fraction pre-
diction we use BSM = (4.3± 0.8)⇥ 10�7 calculated as-
suming an average value of |Vub| = (3.94± 0.36))⇥ 10�3

from Ref. [5]. Due to the explicit lepton mass dependence
in the type III model, the constructed bounds on Cµ

L/R

are more precise than any existing limits on C⌧

L/R based

on results from studying B+ ! ⌧+ ⌫⌧ decays.
To search for sterile neutrinos in B+ ! µ+ N we fix

the B+ ! µ+ ⌫µ contribution to its SM value (BSM)
and search simultaneously in the four categories for an
excess in the pBµ distributions. From the observed yields
and our simulated predictions we calculate local p0 values
using the test statistic Eq. 16. The observed p0 values
are shown in Fig. 11 for sterile neutrino masses rang-
ing from 0 - 1.5 GeV, and no significant excess over the
background-only SM hypothesis is observed. The largest
deviation is seen at a mass of mN = 1 GeV with a sig-
nificance of 1.8 �. The result does not account for any
corrections for the look-elsewhere e↵ect. We also calcu-
late the Bayesian upper limit on the branching fraction
from the extracted signal yield of theB+ ! µ+ N process
with the B+ ! µ+ ⌫µ contribution fixed to its SM value.
The upper limit as a function of the sterile neutrino mass
is also shown in Fig. 11. To compare the upper limit from
the B+ ! µ+ N process to previous searches [48? –54]
for sterile neutrinos we calculate the excluded values of
the coupling

��UµN

��2 and the sterile neutrino mass mN

using [55]

B(B+ ! µ+N)

B(B+ ! µ+⌫µ)
=

��UµN

��2 m2
N +m2

µ

m2
µ

q
�(rNB , rµB )
q

�(0, rµB )

⇥
1� (r2NB � r2µB )

2/(r2NB + r2µB )

1� r2µB
,

(30)
with rXY = mX/mY and the Källén function �(x, y) =
(1 � (x � y)2)(1 � (x + y)2). The excluded values from
this and the previous searches are shown in Fig. 11.
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|Vub| and LFU in B→lν

• 5 σ discoveries of B→ τ ν and 
B→ µ ν expected with < 5 ab-1.
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B→ µ ν >>5σ
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Fig. 59: Feynman diagrams of purely leptonic B+ decays, mediated by a charged weak boson

(left) or a charged Higgs as predicted in new physics models (right).

8.2. Matrix Elements of Electroweak Currents

Author: A. S. Kronfeld (th.)

As hadronic matrix elements in exclusive leptonic and semileptonic decays are used in

Chapter 9, as well as here, it is convenient to standardise notation by collecting the neces-

sary formulae in one place. To keep the notation general, we write the definitions of decay

constants and form factors using B mesons in the initial state decaying to either pseu-

doscalar mesons (P = D, ⇡, K) or vector mesons (V = D⇤, ⇢, K⇤) in the final state. The

CKM elements for the tree-level decays will be abbreviated Vqb, where q = c, u.

8.2.1. Leptonic Decays B+ ! `+⌫ and B ! `+`�. At leading order in the electroweak

interaction, the amplitude for the leptonic decay contains a hadronic factor

h0|Aµ|B(p)i = ipµfB, (89)

where Aµ is an axial-vector current (for the charged current, Aµ = b̄�µ�5u – at Belle II, B+
c

decays will not be studied), and the decay constant fB is a useful parametrisation, because

the only Lorentz structure available is the B-meson 4-momentum pµ. By conservation of

angular momentum, the only other non-vanishing matrix element for B ! no hadrons is

h0|P |B(p)i = �i
M2

B

mb + mu
fB, (90)

where P is the pseudoscalar density (here P = b̄�5u), MB is the B-meson mass, and mb and

mu are renormalised quark masses.21 The decay constant fB is the same in Eqs. (89) and (90)

owing to the partial conservation of the axial-vector current (PCAC), @ · A = i(mb + mu)P ,

which holds when Aµ, P , and the masses are renormalised consistently. These considerations

apply amplitudes both to the charged-current decay B+ ! `+⌫` and to the flavour-changing

neutral-current (FCNC) decay B0
(s) ! `+`�. In each formula in this section, MB and fB are

the mass and decay constant of the B±, B0, or Bs meson, as the case may be. Feynman

diagrams of SM and beyond SM leptonic B+ decays are shown in Fig. 59.

The partial width for either decay is (assuming axial contributions only)

�(B ! `1`2) =
MB

4⇡
|G|2f2

B⇣12
�1/2

12

M2
B

, (91)

21 We use lower case m for masses of elementary particles (quarks and leptons) and upper case M
for hadron masses.
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where Aµ is an axial-vector current (for the charged current, Aµ = b̄�µ�5u – at Belle II, B+
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decays will not be studied), and the decay constant fB is a useful parametrisation, because

the only Lorentz structure available is the B-meson 4-momentum pµ. By conservation of
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mu are renormalised quark masses.21 The decay constant fB is the same in Eqs. (89) and (90)

owing to the partial conservation of the axial-vector current (PCAC), @ · A = i(mb + mu)P ,

which holds when Aµ, P , and the masses are renormalised consistently. These considerations

apply amplitudes both to the charged-current decay B+ ! `+⌫` and to the flavour-changing

neutral-current (FCNC) decay B0
(s) ! `+`�. In each formula in this section, MB and fB are

the mass and decay constant of the B±, B0, or Bs meson, as the case may be. Feynman

diagrams of SM and beyond SM leptonic B+ decays are shown in Fig. 59.

The partial width for either decay is (assuming axial contributions only)
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2+1+1 5 yr w/ EM 188(2.4) 227(3.0) 1.203(0.0125)
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10 yr w/ EM 188(2.0) 227(2.4) 1.203(0.012)
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Mixing measurements, Rt ~ |Vtd|/|Vts|
• Derived from the B anti-B oscillation 

frequencies Δmd/ Δms (LHCb dominated) 
(systematics cancel in the ratio);  

• Measurements close to systematics 
dominated,: focus is on Lattice QCD, which 
computes the relevant hadronic quantities;  

• Some tension with CKM fit emerging! 
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(systematics cancel in the ratio);
● The experimental measurements are 
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QCD, which computes the relevant 
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CKM Comparison

• CKM from FCNC are lower than determinations from trees and unitarity.
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B
current 169(8) 169(8) 200(19) 197(7) 190(9)
5 yr w/o EM 169(4.0) 169(4.0) 200(9.5) 197(3.5) 190(4.5)

2+1 5 yr w/ EM 169(4.3) 169(4.3) 200(9.7) 197(4.0) 190(4.9)
10 yr w/o EM 169(1.6) 169(1.6) 200(3.8) 197(1.4) 190(1.8)
10 yr w/ EM 169(2.3) 169(2.3) 200(4.3) 197(2.4) 190(2.6)

<latexit sha1_base64="g/+hMmQVypxLF2XOLEkeyXNamsk="></latexit>

(2017)

(2017)

LQCD projections on mixing  input, Belle II Physics book
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FIG. 1: M2
⌫ distributions for untagged events (using either e or µ as lepton candidates). The

points with error bars represent the data, the dark green histogram is the continuum component
(taken from the o↵-resonance data sample), the red histogram is the BB combinatorial, and the
light green histogram represents the peaking B± ! D⇤⇤`⌫ component.

TABLE I: Yields for the signal component in the proc9 data. For both the untagged and the lepton
tagged sample, at most one candidate per event has been selected. The fraction of mixed events
(last row) has been computed taking into account the correction factor "U/"M = 1.35±0.10, where
"U ("M ) is the e�ciency for selecting a correctly reconstructed unmixed (mixed) signal event.

Channel Data

Untagged e only 18514± 1128

Untagged µ only 16625± 1111

Untagged (e or µ) 35492± 2209

Tagged unmixed (NU ) 1642± 133

Tagged mixed (NM ) 253± 45

("U/"M ) correction factor 1.35± 0.10

�d (fraction of mixed events) (17.2± 3.6)%

�d =
NM/"M

NU/"U +NM/"M
=

NM ·
⇣

"U
"M

⌘

NU +NM ·
⇣

"U
"M

⌘ (1)

2
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B mixing at Belle II

27

Start with a B0 (wait a while, ~a few x 10-12 sec). 
There is a large probability that the B0 will turn into its anti-
particle, an anti-B0 (discovered by ARGUS at DESY in 1987) 
Use flavour specific final states but requires tagging. Verifies 
Belle II  VXD capabilities for CP violation. 

Large B→ D* l ν signal from partial 
reconstruction: 35492±2209

The leptons may come from the B weak decay or (primed case) from a cascade decay B→D→l ν decay.



parameter extracted value

N1
sig (81± 6) · 10

µ1 (fs) 31± 16
�1 (fs) 127± 15
N2

sig (10± 5) · 10
µ2 (ps) (0.48± 0.17)
�2 (ps) (0.73± 0.13)
⌧ (fs) (370± 40)

TABLE II: Parameters extracted from the unbinned maximum likelihood fit to the reconstructed
proper time distribution.

FIG. 2: Fit to the reconstructed proper time for D0 candidates belonging to the signal region
5.346 < Q(MeV/c2) < 6.353 and 1.848 < M(GeV/c2) < 1.879. The model function is defined in
(2) and the value of the parameters extracted from the fit are reported in Table II.

The proper time distribution is fitted with two Gaussian contributions both convolved
with the exponential:

TPDF (t) = N1
sig ⇥Gauss(t|µ1, �1) ⇤ Exp(t|⌧) +N2

sig ⇥Gauss(t|µ2, �2) ⇤ Exp(t|⌧) ; (2)

the choice is due to considerations on background composition, entirely related to mis-
reconstructed D0s (cc̄ background).

3

I. LIST OF APPROVED PLOTS

• Figure 1

• Figure 2

Details of the analysis procedure are described in BELLE2-NOTE-PH-2019-038.
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FIG. 1: Fit to the reconstructed mass of D0 candidates from the decay chain D⇤± ! (D0 !
K⌥⇡±)⇡± with 5.346 < Q(MeV/c2) < 6.353. The red shaded region represents the signal candi-
dates, while the blue region represents the background candidates. The model function is defined
in (1) and the values of the parameters extracted from the fit are reported in Table I.

The mass distribution is fitted with a Gaussian (signal) plus a first-order polynomial
(background):

MPDF (m) = Nsig ⇥Gauss(m|µ, �) +Nbkg ⇥ pol1(m|c0, c1). (1)

1
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D0(→Kπ) Lifetime in Belle II Phase 3 data

28

  τ D0 = 370 ± 40(stat) fs
Use charm to demonstrate the combined 
performance of the PXD and SVD for time dependent 
measurements. Accepted value 410 fs.

  Nsig = 860 ± 30

Uses 3% of the Phase 3 dataset 

J-F Krohn, PU (Belle II vertex fitting), 
submitted to NIMA, arXiv:1901.11198
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Observation of BB mixing at Belle II

29

Not CP violating: 
 funmix(t)= K [1+ cos(Δmd Δt)]

Fraction of mixed events χd = (17.2 ± 3.6)%  (WA = 18.6%)  
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FIG. 2: M2
⌫ distributions for events in the lepton tagged unmixed (left plot) and mixed (right)

samples in the proc9 dataset. The points with error bars represent the data, the dark green
histogram is the continuum component, the red histogram is the BB combinatorial background.
The following peaking components are also shown: B± ! D⇤⇤`⌫ events (light green), events in
which the candidate tag-side lepton originate from the decay of the signal side D0 (dark blue), and
events in which the candidate tag-side lepton comes from the b ! c ! ` decay chain.
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FIG. 2: M2
⌫ distributions for events in the lepton tagged unmixed (left plot) and mixed (right)

samples in the proc9 dataset. The points with error bars represent the data, the dark green
histogram is the continuum component, the red histogram is the BB combinatorial background.
The following peaking components are also shown: B± ! D⇤⇤`⌫ events (light green), events in
which the candidate tag-side lepton originate from the decay of the signal side D0 (dark blue), and
events in which the candidate tag-side lepton comes from the b ! c ! ` decay chain.

3

Unmixed (l+l-) Mixed (l±l±)

October 4th 2019 A. Gaz 15

Sides: R
t 
- Experiments

● Current experimental situation:

● LHCb is now dominating the -eld, but the previous B-factories did not fully 
exploit their datasets;

● Belle II should try to catch up quickly!
● In fact, the rediscovery of the BB oscillations was one of the -rst milestones to 
demonstrate the physics capabilities of the experiment.

Result (ps-1) Dataset Reference

 
Dm

d

0.511 ± 0.007 ± 0.007 81 fb-1 BaBar: Phys. Rev. D73 (2006) 012004

0.511 ± 0.005 ± 0.006 140 fb-1 Belle: Phys. Rev. D71 (2005) 072003

0.5050 ± 0.0021 ± 0.0010 3.0 fb-1 LHCb: Eur. Phys. J C76 (2016) 412

Dm
s 17.768 ± 0.023 ± 0.006 1.0 fb-1 LHCb: New J. Phys. 15 (2013) 053021

Belle result dominated by vertex resolution and D** l ν     
background - improved dramatically at Belle II and LHCb. 
CP violation in mixing (D0 anomaly) can also be tested.
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Time dependent CP Violation (mixing+decay)

31

February 12th 2018 A. Gaz 6

Dz

TD CPV: analysis technique
● Flagship analysis technique at the B-factories, exploiting the coherent 

state of the neutral B’s from the Y(4S) decay:

S

S � sin2f
1

Belle II
simulation

<Dz> ~ 130 mm at Belle II

• Requires: Vertex fitting and flavour tagging: Boost, IP resolution, hermetic 
coverage; Kaons (KL, KS) from CP eigenstate b→c anti-c s and b→s penguin decays  

Time-dependent CP violation

• Caused by quantum interference (like double slit experiment)

2018-07-06 ICHEP 2018 | TDCPV at Belle 3

଴ܤ

଴ܤ

଴ܤ
େ݂୔

TDCPV

Double slit

Decay time

• ଴ܤ can change to ܤ଴, vice-
versa(ܤ തܤ oscillation)

• Both ܤ଴ and ܤ଴ can decay to 
CP eigenstate, େ݂୔. 

• ÆQuantum interference on 
decay time distribution.

• Two paths can interfere 
both constructive and 
destructiveÆ Quantum 
interference on the 
screen

Flavour tagging eff. 
3-5% LHCb 
30% Belle 

35% Belle II

Beam energies are asymmetric (7 on 4 GeV)  
Decay distance is increased by around a factor ~7
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Track impact parameter resolution

32

Impact parameter resolution from two-track events. 
Alignment and calibration are working well.

VXD resolution in impact parameter ~14 microns - 
half that of Belle.  
Key for time dependent CP violation measurement.

Giulia Casarosa B2SiliconTracking

➡ The finding efficiency for CDC+SVD+PXD II tracking 
robust against beam background 

➡ The performances are acceptable with twice 
nominal background 

➡ Still room for improvement as no optimisation has 
been studied for background higher than the 
nominal one

Overall Tracking Performance

 16

improved impact 
parameters resolution 

factor 2 improvements     
in both d0 and z0 with 

respect to Belle,        
thanks to PXD hits

for different levels of beam background
and factoring out the geometrical acceptance

no 
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Φ1/β (phase of Vtd) with B→J/ψ KS

33

SCP < 2 σ from SM UT fit 

0.691±0.017 WA HFLAV 
0.738 +0.030-0.027  Indirect CKMFitter

sin(2`) > sin(2q1)

HF
LA

V
M

or
io

nd
 2

01
8

-2 -1 0 1 2 3

BaBar
PRD 79 (2009) 072009

0.69 ± 0.03 ± 0.01

BaBar rc0 KSPRD 80 (2009) 112001
0.69 ± 0.52 ± 0.04 ± 0.07

BaBar J/s (hadronic) KSPRD 69 (2004) 052001
1.56 ± 0.42 ± 0.21

Belle
PRL 108 (2012) 171802

0.67 ± 0.02 ± 0.01

ALEPH
PLB 492, 259 (2000)

0.84 +-0
1

.

.
8
0

2
4 ± 0.16

OPAL
EPJ C5, 379 (1998)

3.20 +-1
2

.

.
8
0

0
0 ± 0.50

CDF
PRD 61, 072005 (2000)

0.79 +-0
0

.

.
4
4

1
4

LHCb
JHEP 11 (2017) 170

0.76 ± 0.03

Belle5S
PRL 108 (2012) 171801

0.57 ± 0.58 ± 0.06

Average
HFLAV

0.70 ± 0.02

HFLAVHFLAV
Moriond 2018
PRELIMINARY
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Time dependent CP Violation / Targets
• Improving on sin2Φ1  will be a challenge:  

• for experiments: soon the measurement will 
be systematics limited: need to control them;  

• for theory: so far neglected the contributions 
from suppressed amplitudes carrying a 
different phase.  

• TD CP violation measurements of b → qqs 
transitions (q = u, d, s) are a major target

34

Tracking system is working fine! 

7	

q  Charged	tracks	reconstructed	based	on	
info	mostly	from	the	CDC	are	available	
since	the	beginning	of	collisions�

q  Mass	resolutions	of	known	particles	in	
data	in	agreement	with	simulations	(B	
field	measured	well	and	sub-detectors	
also	aligned)�

Table 25: Sensitivity estimation on S and A parameters at di↵erent values of integrated

luminosity.

Int. Lum. ab�1 Stat(S) Stat(A)

2 0.15 0.10

10 0.07 0.05

50 0.031 0.021

Table 26: Extrapolated sensitivity for the K
0
S
⇡
0 mode. The �t resolution is taken from the

K
0
S
⇡
0
� study and we assume for this mode a reconstruction e�ciency of 30%.

Channel Yield �(S) �(A)

1 ab
�1

K
0
S
(⇡±)⇡0 1140 0.20 0.13

5 ab
�1

K
0
S
(⇡±)⇡0 5699 0.09 0.06

Table 27: 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

Sensitivity studies. An estimate of the sensitivity of Belle II on the CP violation parameters1372

S and A is obtained using a study based on pseudo-experiments, in which the expected1373

�t resolution is used. The results, reported in Table 25, are very promising, especially1374

considering that significant improvements are expected in the reconstruction software. On1375

the other hand, the impact of physics and beam backgrounds still needs to be estimated.1376

Extrapolation of the K
0
S
⇡
0
sensitivity. We estimate the sensitivity to the SK

0
S⇡

0 and1377

AK
0
S⇡

0 parameters of the K
0
S
⇡
0 mode analogously to what we have done in section 1.3.2.1378

The vertex reconstruction position resolution is taken from the study of K0
S
⇡
0
� presented1379

above, and we assume a reconstruction e�ciency of 30%, based on the performance of BaBar1380

and Belle. The results are presented in Table 26.1381

54/58

CP violation in B0 æ J/Â K 0

S and B0

s æ J/Â „

K. De Bruyn, R. Fleischer [JHEP 03 (2015) 145]

tree

b̄
d

c
c̄

s̄
d

penguin

b̄
d

c
c̄

s̄
d

New physics could contribute to direct and mixing-induced CP violation in angles „d © 2—
and „s ( F. Dordei’s talk this morning)

"Golden modes" B0 æ J/Â K 0

S and B0

s æ J/Â „ measure e�ective angles:

„obs

d/s = „tree

d/s + �„peng

d/s + „NP

d/s

„obs

d/s and „tree

d/s known precisely ∆ Need good knowledge of

contribution from penguin amplitude �„peng

d/s to probe for „NP

d/s

current exp. precision

‡(„obs

d ) ¥ 1.6¶

‡(�„peng

d ) ¥ 0.8¶

Jascha Grabowski Direct CP violation in B decays at LHCb 2

• Tree • Gluonic Penguin  
(NP sensitive)

• Constrains 
penguin pollution

Belle II
arXiv: 1808.10567
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Signals for B→J/ψ X in Phase 3 data

35

Clear signals for B→J/ψ X in ~1/4 of Phase 3 data. Note small radiative tail on the di-electrons 
(includes bremsstrahlung recovery). 
Belle II has equally strong capabilities for electrons and muons. 
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FIG. 4: The dimuon invariant mass of J/ ! µ+µ� candidates for an integrated luminosity of
2.62 fb�1 using the same environment and track selection as Fig. 2, with extra selection criteria
applied to isolate J/ candidates in BB events, listed in Fig. 3.
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FIG. 2: The dimuon invariant mass of J/ ! µ+µ� candidates for an integrated luminosity of
2.62 fb�1 using the same environment and track selection as Fig. 1, but with muonID > 0.95 for
each muon candidate.
A Gaussian function summed with a Bifurcated Gaussian is used to model the signal and a first
order polynomial is used to model the background.
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FIG. 3: The dielectron invariant mass of J/ ! e�e� candidates for an integrated luminosity of 2.62
fb�1 using the same environment and track selection as the Fig. 1, but with further selection criteria
applied to J/ candidates in BB events. The momentum of the reconstructed J/ candidate in
the ⌥ (4S) frame is required to be below 2.0 GeV/c and the ratio between the (event-based) second-
order and zeroth-order Fox-Wolfram moment, R2, is below 0.4.
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FIG. 1: ∆E (left top), Mbc (right bottom) and 2-dimensional plot of reconstructed B0 →
J/ψK0

S , J/ψ → "+"−,K0
S → π+π− from 2019 data sample (phase 3). To extract signal yield,

we perform 2-dimensional un-binned maximum likelihood fit to these samples. Gaussian and AR-
GUS [1] functions are used for the probability density functions (PDFs) of the Mbc for the signal
and background, respectively, while double Gaussian and linear functions are used for the ∆E.
All of the parameters except for the fraction of two Gaussian functions of ∆E signal PDF are
floated together with signal and background yields when performing the fit. We excluded from the
fit the shaded regions of (5.265 GeV/c2 < Mbc < 5.290 GeV/c2, -0.15 GeV < ∆E < -0.05 GeV)
and (5.265 GeV/c2 < Mbc < 5.290 GeV/c2, 0.05 GeV < ∆E < -0.15 GeV) to remove background
candidates mainly due to B0 → J/ψK∗0. Fit results are shown with solid curves in each projection.

[1] H. Albrecht et al. (ARGUS Collaboration), Phys. Lett. B 241 278 (1990).
[2] A. Abashian, et al. (Belle Collaboration), Phys. Rev. Lett. 86 2509 (2001).
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Observation of B→J/ψ KS  / Golden Mode

36

A Golden CP Eigenstate

  N(B→ J /ψ KS) = 26.9 ±5.2

About 1/4 of the 
Phase 3 data sample 
collected.

We combined the candidate event samples by J/ψ → e+e− and µ+µ− modes, there are 50
events in the signal box. With this yield of candidate events, we found that fit can converge
with floating the mean and σ of the signal Gaussian. We select events with a ∆E in the
range −0.07 GeV < ∆E < 0.03 GeV in J/ψ → e+e− case and −0.03 GeV < ∆E < 0.03 GeV
in J/ψ → µ+µ− case, and performed a fit to the Mbc distribution. The probability density
function (PDF) is composed by summing the signal component with a single Gaussian with
a floating mean (µ) and width (σ) and the background component with an ARGUS function
with a fixing m0 = 5.291 GeV, power (p) = 0.5 and slope (c) = −50.0. The plots requesting
approval are shown in Fig. 1. The signal Gaussian’s mean = 5.28150± 0.00040 GeV/c2 and
σ = 2.71 ± 0.30 MeV/c2. We got Nsig = 48.6 ± 7.0 events as the signal yield. Note that
numerical value of the integrated luminosity in the plots have been updated on 2019 Aug.
7th.

0.2− 0.15− 0.1− 0.05− 0 0.05 0.1 0.15 0.2

E [GeV]Δ

0

2

4

6

8

10

12

14

Ev
en

ts
 / 

(0
.0

08
 G

eV
)

Belle II
2019 preliminary

-1 L dt = 2.62 fb∫

5.2 5.21 5.22 5.23 5.24 5.25 5.26 5.27 5.28 5.29 5.3

]2 [GeV/cbcM

0.2−

0.15−

0.1−

0.05−

0

0.05

0.1

0.15

0.2

E 
[G

eV
]

Δ

Belle II
2019 preliminary

-1 L dt = 2.62 fb∫

5.2 5.21 5.22 5.23 5.24 5.25 5.26 5.27 5.28 5.29 5.3

]2 [GeV/cbcM

0

5

10

15

20

25

)2
Ev

en
ts

 / 
(0

.0
02

 G
eV

/c

Belle II
2019 preliminary

-1 L dt = 2.62 fb∫

FIG. 1: For J/ψ → e+e− and µ+µ− cases combined, ∆E distribution in 5.27 GeV/c2 < Mbc < 5.29
GeV/c2 (upper left), Mbc-∆E 2D distribution (upper right) and Mbc distribution with applying
the proper ∆E requirements (lower).

2

  N(B→ J /ψ K *0 → J /ψ  K −π + ) = 48.6 ± 7.0

Not useful for 
measuring CP 
violation, but very 
useful to study 
vertex resolution 
(comparing the J/ψ 
and the K* vertices)  
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Time dependent CP Violation prospects
1. UT angles - errors ~3x reduction within 5 years. 

2. Searches for new phases in b→s gluon and EW 
penguins will hit few % precision. 

37

ference between B–B mixing and B decay ampli-73

tudes,74

aCP (t) ⌘
�(D̄; t)� �(D; t)
�(D̄; t) + �(D; t)

= Sf sin(�m t)� Cf cos(�m t), (1.3)

where75

Sf =
2 Im[�f ]
1 + |�f |

2
, Cf ⌘ �Af =

1� |�f |
2

1 + |�f |
2

. (1.4)

Here D : B(t) ! f and D̄ : B(t) ! f , with f a76

common CP eigenstate with eigenvalue ⌘f = ±1.77

The initial, t = 0, states are flavor tagged, i.e.,78

B(0) = B and B(0) = B. The mass di↵erence79

between the two Bd mass eigenstates is in our con-80

vention positive, �m > 0, while the corresponding81

decay width can be safely set to zero up to sub82

percent precisions [1], as we did in the above ex-83

pressions. The interference between mixing and84

decay is described by the parameter85

�f ⌘ (q/p)(Āf/Af ), (1.5)

where the decay amplitudes are Af ⌘ hf |Hew|Bi86

and Āf ⌘ hf |Hew|Bi. The mixing coe�cients q, p87

relate the CP eigenstates, |B±i, to the flavor eigen-88

states, |B±i = p|Bi ± q|Bi. In the B–B system,89

CP violation in mixing (|q/p| 6= 1) is measured90

separately and is negligible [1]. We can thus safely91

assume that q/p = exp(�i�1).92

In this section we present sensitivity studies93

based on Belle II simulation for B
0
! �K

0
, ⌘

0
K

0
,94

K
0
S
⇡

0
�, and ⇡

0
⇡

0 decays. The complete analysis95

chain, from the reconstruction of intermediate res-96

onances to the final maximum likelihood fit is per-97

formed. In estimating the final sensitivity we take98

into account the expected improvements, most no-99

tably those a↵ecting the reconstruction e�ciencies.100

Based on these studies and on the reconstruction101

e�ciencies obtained by the BaBar and Belle exper-102

iments we also extrapolate the present sensitivities103

to the Belle II ones for the channels B
0
! !K

0
S

104

and K
0
S
⇡

0
� .105

Figure 1.1 shows the time dependent CP asym-106

metry distributions that can be measured at Belle107

t (ps)∆
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m
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Belle II -1 L = 50 ab∫

  (S = 0.70)
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 KψJ/
     (S = 0.55)

S
' Kη

Figure 1.1: Time dependent CP asymmetries
for the final states J/ K

0
S (red dots) and ⌘

0
K

0
S

(blue triangles), using S
J/ 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.

II in the B
0
! J/ K

0
S and ⌘0K0

S channels with an 108

integrated luminosity of 50 ab�1. As inputs to the 109

simulations we set S
J/ K

0
S

= 0.70 and S
⌘0K0

S
= 0.55 110

(see eq. 1.4). Such a di↵erence between S
J/ K

0
S

111

and S
⌘0K0

S
would be an unambiguous sign of New 112

Physics and would be easily detectable by the Belle 113

II experiment. 114

1.2 Determination of �1 115

1.2.1 sin 2�1 from b ! cc̄s 116

Contributing authors: M. Jung, L. Li Gioi, 117

D. Robinson 118

The angle �1 is the most precisely measured CP 119

violating quantity to date. As such it is one of the 120

most important inputs in the global CKM fits and 121

a cornerstone input to the tests of the SM. 122

The sensitivity to �1 comes from the CP asym- 123

metry Sf in (1.4) measures the sum of the mixing 124

phase ��1 and the relative phase arg(Āf/Af ), see 125

(1.5). For b ! cc̄s transitions, CKM unitarity 126

2

•Gluonic Penguin  
(NP sensitive)

(phase of Vtd) - B→η’ KS - gluonic penguin

Year
2017 2018 2019 2020 2021 2022 2023 2024

 ) 
U

nc
er

ta
in

ty
S

 K' η 
→

 (B 1φ
si

n2

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

70% data Y(4S), NO PXD SHUTDOWN
70% data Y(4S), 2018 PROJ 9 MONTHS/YR
70% data Y(4S), 2019 NOMINAL 

S
70% data Y(4S), 2019 NOMINAL improved K
LHCb estimate

Belle II Projection (Feb 2019)

Finally, Table 29 summarizes the current and expected experimental and theoretical uncer-1414

tainties on the CKM angles �1 and �2. We should stress once more that, as explained above,1415

the theoretical uncertainties based on data-driven techniques cannot be precisely estimated1416

at this stage.1417

Table 29: Summary of the current and expected sensitivities on the CKM angles �1 and

�2. As explained in the text, theoretical uncertainties based on data-driven techniques (e.g.

those releted to EWP amplitudes in the determination of �2) can be given only with a large

degree of uncertainty.

Current 50 ab�1

projection

�1:

Experimental: 0.7� 0.2�

Theoretical - QCDF & pQCD 0.1� 0.1�

Theoretical - SU(3) 1.7� 0.8�

�2:

Experimental: 4.2� 0.6�

Theoretical: 1.2� < 1.0�

56/58
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Direct CP Violation, Φ3

38

For CPV A1 and A2 need to have different weak phases Φ and different CP invariant  (e.g. strong) phases δ.  
To measure Φ you need to know δ, and ratio of amplitudes -   

e.g. in γ/Φ3 measurements the relative strength of Vub and Vcb processes and colour suppression.

|Āf̄ |
2 = |Ā1 + Ā2|

2 (3.43)

= |A1|
2 + |A2|

2 + |A1 + A2|e
i(��+��) + e�i(��+��) (3.44)

= |A1|
2 + |A2|

2 + |A1 + A2|2 cos(�����) (3.45)

(3.46)

CPV: |Af |
2
6= |Āf̄ |

2
) �� and �� 6= 0

3.3 Types of CPV: Lecture 11

3.4 Measurements of CP angles at flavour ma-
chines: Lecture 12

38

Φ1,2 rely on ΔF=2 (mixing+decay), but we can also use ΔF=1 (direct) as a precise probe
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Φ3/γ (phase of Vub)  Determination
• Theory is “pristine” in these approaches, << 1% on Φ3

39

SuppressedFavoured

rB =
|Asuppressed|
|Afavoured|

⇡ VubV ⇤
cs

VcbV ⇤
us

⇥ [colour supp.] = 0.1� 0.2

Relative weak phase is Φ3, Relative strong phase is δR

3 D0 mode categories: 
• DCP, CP eigenstates [GLW] 
• Dsup, Doubly cabibbo 

suppressed [ADS] 
• 3-Body [GGSZ] 

A dream of Belle & Babar: difficult due to Vub and colour suppression. 
Many Direct CPV techniques developed at the B-factories.

γ ≡ φ3 (71.1 +4.6−5.3)°
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Φ3 at Belle II
• Most sensitive method: GGSZ(*) analysis of the D0 → KSπ+π- Dalitz Plot, exploits 

large strong phases across the plane to enhance the sensitivity;  

• Systematics overcome with model independent DP, with strong phase from BESIII;  

• Enhanced by including  K+K-KS, KSπ+π-π0, Kπ+π- & D*0→D0γ and D*0 → D0π0 modes. 

40

October 4th 2019 A. Gaz 28

f
3
 at Belle II

● Most sensitive method: GGSZ(*) analysis of the 
D0  K!

S
p+p- Dalitz Plot, exploiting the large 

strong phases across the plane to enhance the 
sensitivity;

● Dominant systematics for the -rst BaBar and 
Belle measurements: choice of amplitude 
model (~9o);

● This can be overcome with a  model 
independent DP (already pioneered at Belle 
and LHCb) and with strong phase 
measurements from BESIII;

● The sensitivity can be enhanced by including 
also the K+ K- K

S 
, K

S
p+ p- p0 , K

L 
p+ p- and     

D*0  D! 0 g and D*0  D! 0p0 modes;
● Ultimate precision at Belle II (when all 
methods are combined): ~10.

The Belle II 
Physics Book

(*) Giri, Grossman, Soffer, Zupan
Phys. Rev. D68 (2003) 054018

sensitivity of the 
GGSZ analysis

Year
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Belle, arXiv: 1908.09499 
Method demonstration.
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Figure 10. Distribution of p-value for �3 from multibody D final states at Belle, which is shown
by the solid blue curve. The results from B ! DK(⇤) decays with D ! K0

S⇡
+⇡� are shown by the

solid green curve and the D ! K0
S⇡

+⇡�⇡0 final states are shown by the solid brown curve [11, 38].

which was found to be consistent with the (x±, y±) confidence intervals measured. Hence
we conclude that the reported confidence intervals for (�3, rB, �B) are appropriate.

There is a two-fold ambiguity in �3 and �B results with �3 + 180� and �B + 180�.
We choose the solution that satisfies 0� < �3 < 180�. This result includes the current
world-average value [36] within two standard deviations. We observe that there is a local
minimum of the likelihood around �3 = 75� and �B = 155�.

We combine the results presented here with the model-independent B+
! D(K0

S⇡
+⇡�)K+ [11]

and B0
! D0(K0

S⇡
+⇡�)K⇤0 [38] results from Belle. Without our measurement, the com-

bination leads to �3 = (78+14
�15)

�. Including our measurement, the combination gives
�3 = (74+13

�14)
�. The distributions of p-values for the �3 measurements from the individual

D final states and the combination are given in figure 10. The separate measurements and
the combination likelihood contours in the (�3, rB) plane are shown in figure 11.

11 Conclusion

We have performed the first measurement of the unitarity triangle angle �3 using a model-
independent analysis of B+

! D(K0
S⇡

+⇡�⇡0)K+ decays using the full data sample col-
lected by the Belle detector, which corresponds to 772⇥106 BB events. The D strong-phase
difference measurements for D ! K0

S⇡
+⇡�⇡0 [13] are used as external inputs to the analy-

sis. The result obtained is �3 = (5.7 +10.2
�8.8 ±3.5±5.7)�. The first uncertainty is statistical, the

second is systematic, and the third is due to the uncertainty on the ci and si measurements.
The ratio of the suppressed and favoured amplitudes is rB = 0.323± 0.147± 0.023± 0.051.

This measurement can be improved upon once a suitable amplitude model for D0
!

K0
S⇡

+⇡�⇡0 is available to provide guidance in choosing a more sensitive binning. Fur-

– 21 –
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Observation of B- → D0 K- at Belle II

41

Demonstration of Belle II high momentum PID on a decay mode to 
be used for future determinations of the unitarity angle γ (a.k.a ϕ3)

No PID With high momentum PID
Study of charmed H decay

22

q ΔM distributions	for	$± → %ℎ± decays	
with	% → 1#/",1#/"/;,1#/"/#/"

q Demonstrate	importance	of	PID	at	high	
momentum	towards	improving	the	S/B	
ratio

q This	kind	of	decay	channels	will	be	
essential	to	measure	the	CKM	angle	
bf ≡ =

☞ Major	Indian	contribution

Study of charmed H decay

22

q ΔM distributions	for	$± → %ℎ± decays	
with	% → 1#/",1#/"/;,1#/"/#/"

q Demonstrate	importance	of	PID	at	high	
momentum	towards	improving	the	S/B	
ratio

q This	kind	of	decay	channels	will	be	
essential	to	measure	the	CKM	angle	
bf ≡ =

☞ Major	Indian	contribution
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Belle II 50 ab-1

• Belle II+mixing from LHCb+LQCD 

• Lots of space for new physics.  

• Note: to get this far we rely on 
LQCD to make big advances in 
form factors, bag factors etc.
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2 Global analyses
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surements (data points) for current world average values (left) and Belle II projections
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Fig. 14: UT fit today is extrapolated to the 50 ab�1 scenario for an SM-like scenario (left)

and world average values (right).
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2 Global analyses

Table 10: CKMFitter results for the Wolfenstein parameters with current world averages,

and with the SM-like scenario with Belle II precision and with Belle II combined with LHCb

by the year 2025.

Input Current WA SM value Belle II SM value Belle II+LHCb

A 0.8227+0.0066
�0.0136

+0.0025
�0.0027

+0.0024
�0.0028

� 0.22543+0.00042
�0.00031

0.00036
�0.00030

0.00035
�0.00030

⇢̄ 0.1504+0.0121
�0.0062

+0.0054
�0.0044

+0.0042
�0.0040

⌘̄ 0.3540+0.00069
�0.0076

+0.0037
�0.00040

+0.0036
�0.00037

Table 11: Uncertainties on external input parameters in the 5 and 50 ab�1 scenarios used in

the UT Fit study. In the 5 ab�1 study it is assumed that no improvement with respect to

the present uncertainties is assumed.

Parameter Error (5ab�1) Error (50ab�1)

↵s(MZ) ±0.0012 ±0.0004

mt (GeV) ±0.73 ±0.6

|Vus| ±0.0011 ±0.0002

BK ±0.029 ±0.002

fBs
(GeV) ±0.05 ±0.001

fBs
/fBd

±0.013 ±0.006

BBs
/BBd

±0.036 ±0.007

BBs
±0.053 ±0.007

|Cij | = 1, corresponding scale of operators probed will be 2 ⇥ 103 TeV and 2 ⇥ 102 TeV in 1181

tree and one-loop level NP interactions respectively. 1182

2.2.2. UTfit. (Contributing authors: Marcella Bona, Marco Ciuchini) 1183

Here we discuss the impact of Belle II on the Unitarity Triangle analysis within and 1184

beyond the Standard Model in the Bayesian approach of the UTfit Collaboration [253–257]. 1185

We consider the two scenarios from Table 1.3 of the Introduction. In particular, we present 1186

results using experimental uncertainties corresponding to 5 and 50 ab�1 for |Vcb|, |Vub|, 1187

sin 2�1, �3, and �2, while central values are tuned to the SM. For other input parameters, in 1188

the 50 ab�1 scenario we use the uncertainties reported in Tab. 11, based on the extrapolation 1189

of Appendix B.2 of Ref. [258]. 1190

The projected uncertainties of the SM fit for the CKM parameters, UT angles and BR(B ! 1191

⌧⌫) (not used in the fit) are reported in Tab. 12 and Fig. 17. Generalising the analysis beyond 1192

the SM following the notation introduced in Ref. [255]: 1193

CBd
e2i�Bd =

hB0
d |H full

e↵ |B̄0
di

hB0
d |HSM

e↵ |B̄0
di

(51)

where HSM
e↵ includes only the SM box diagrams, while H full

e↵ includes also the NP contribution 1194

to the Bd �0 B̄0
d mixing, we obtain the uncertainties presented in Table. 13 and Fig. 18 for 1195

45/81

SM-like New-physics
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NP in Bd mixing: Fit results

By Stage II, 
Λ ~ 20 TeV (tree)
Λ ~ 2 TeV (loop)

43
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2003 2013 LHCb 2025 + Belle II

• at 95% NP≲(many × SM)   ⟹   NP≲(0.3 × SM)   ⟹   NP≲(0.05 × SM)

h ' 1.5
|Cij |2

|�t
ij |2

(4⇡)2

GF⇤2
' |Cij |2

|�t
ij |2

✓
4.5 TeV

⇤

◆2

� = arg(Cij�
t⇤
ij )

• Stage II: similar sensitivity to gluino masses explored at LHC 14TeV

M12 = MSM
12 ⇥

�
1 + he2i�

�

Neutral-B mixing

i
d
dt

⇣ |Bq(t)i
|B̄q(t)i

⌘
=

⇣
Mq � i

2
�q

⌘⇣ |Bq(t)i
|B̄q(t)i

⌘

M and � hermitian: mixing due to off-diagonal terms Mq
12 � i�q

12/2

=)Diagonalisation: physical |Bq
H,Li of masses Mq

H,L, widths �q
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Flavour physics anomalies
• Vcb: B→D* l ν & B→ Xc l ν (Waheed PhD thesis) 

• Vub: B→π l ν & B→ Xu l ν (Hohmann MSc thesis) 

• B→D(*) τ ν (Caria PhD thesis) 

• B→ K l l (Ferlewicz thesis)

45

• Belle II STRATEGY: Improved ν reco / novel B-tagging, improved lepton identification (from τ).

|Vub| inclusive 
exclusive tension|Vcb| inclusive 

exclusive tension

RK and RK* 

|Vub| inclusive 
exclusive tension

Table from S. Descotes-Genon

Two transitions of interest

b ! c`⌫̄` b ! s`+`�

B M

`+

`�

Oi

cc̄

⌫̄`

`�

W
b c

3

`+

`�

c, t

W

b s

B M

`+

`�

c, t

W

b s

1

SM tree (charged) (V � A) loop (neutral)
Spin 0 B ! D`⌫̄` B ! K ``
Spin 1 B ! D⇤`⌫̄` B ! K ⇤``, Bs ! �``

Observables Total Br d�/dq2 + Angular obs
with ` = ⌧, µ, e ` = µ, e

Tensions RD(⇤) =
Br(B ! D(⇤)⌧⌫)

Br(B ! D(⇤)`⌫̄`)
RK =

Br(B ! Kµµ)

Br(B ! Kee)
Br (K , K ⇤, � + µµ)

angular obs (e.g., P 0
5)

Two transitions exhibiting interesting patterns of deviations from SM

S. Descotes-Genon (LPT-Orsay) Flavour anomalies Louvain-La-Neuve, 17/6/16 12

|Vcb| & |Vub| inclusive-
exclusive tension



WHEPP 2019 Phillip URQUIJO

Lepton  flavour universality
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Experimentally good for leptonic decays to an accuracy much better than 1%.
  

g
τ

g
µ

= 1.0000 ± 0.0014

g2μ
g2τ

¼ 1
τμ

ττ
BR τ" ! e"νeντð Þ

m5
τ

m5
μ

ρτ
ρμ

: ð7:21Þ

In conclusion, we need to measure the two lifetimes, the two masses and the branching
ratio BR τ" ! e"νeντð Þ. The measurements give

gμ=gτ ¼ 1:001% 0:003: ð7:22Þ

Consider now another important, purely leptonic process, sometimes called ‘quasi-elastic’
scattering, namely

νμ þ e" ! μ" þ νe: ð7:23Þ

The corresponding diagram is shown in Fig. 7.7a. At values of –t much smaller than MW

(t is the four-momentum transfer), the diagram is well approximated by the four-fermion
point interaction in Fig. 7.7b.

The centre of mass energy squared is s ¼ m2
e þ 2meEν ’ 2meEν, where Eν is the

neutrino energy in the laboratory frame. A consequence of the smallness of the electron
mass is that √s ' MW at all the available neutrino beam energies. In these conditions, the
calculation gives

σ νμe" ! νeμ"
! "

¼ G2
F

π
s ¼ G2

F

π
2meEν ¼ 1:7( 10"45EνðGeVÞm2: ð7:24Þ

The cross-section grows linearly with the neutrino energy in the L frame. This behaviour is
radically different from what we saw in Section 5.7. We can understand the difference,
again with a dimensional argument. Indeed, the cross-section has the dimension of [1/E]2

and is proportional to the square of the Fermi constant G2
F , which has the dimension of

[1/E2]2. Consequently G2
F must be multiplied by an energy squared. The only available

such a quantity is s.
However, no cross-section can increase indefinitely with energy, because the scattering

probability cannot be larger than 100%. Actually (7.24) is not valid if √s is comparable or

µ– e–
e–

νe
νe

τ–

ντ

W–

gτ

νµ

W–

gµ

ge ge
− −

Fig. 7.6. Beta decay of the μ and of the τ.

µ– νµ

νee

W+

µ–νµ

νee (a) (b)

Fig. 7.7. Muon–neutrino electron ‘quasi-elastic’ scattering.
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 τ

e

Now can access the 3rd generation of leptons and 
coupling to quarks!  

The only SM differences are are due to masses - easy* 
to calculate! 

Any further difference would imply non-SM interaction.
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Lepton reconstruction non-universality
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• Muons: Little to no radiation (heavy), Stable within particle 
detectors, no strong interactions 

• Electrons are light: Final state radiation, Bremsstrahlung in 
material is likely (more material in LHC detectors). 

• Τaus lifetime is 10-12 s: background mimics signal where 
daughters are lost e.g. KL, π0.

Fig. 6: The number of EM radiation lengths X/X0 in front of the calorimeter as a function

of cos ✓, averaged over �.

where Ei is the energy of the i–th crystal and xi is the centre of the i–th crystal. It should 271

be noted that this position reconstruction is known to be biased towards the crystal centre 272

of the highest energy crystal in the shower. The cluster energy is reconstructed as the lin- 273

ear sum over all included crystals. The peak position of the reconstructed photon energy is 274

corrected to the true value in a subsequent step as a function of reconstructed polar angle 275

and energy. The cluster time tcluster is the time of the highest energetic crystal in the clus- 276

ter. Clusters with |tcluster| < 125 ns are rejected. Clusters are matched with tracks using a 277

GEANT based extrapolation routine. A cluster that contains a crystal hit an extrapolated 278

track is matched to that track. 279

280

The described calorimeter reconstruction does not perform optimally in a high background 281

environment and has various shortcomings (e.g. biased position reconstruction, simplistic 282

track matching, and oversimplified cluster splitting). The background distribution as func- 283

tion of polar angle ✓ in the ECL shown in Fig. ??. Several improvements have been introduced 284

to the ECL reconstruction with release-00-08-00. The new cluster algorithm reconstructs 285

connected regions (CR) starting with single crystals with an energy of at least 10.0 MeV 286

as seeds, as before. Surrounding crystals are added if their energy is above 0.5 MeV. This 287

procedure is continued if the added crystal energy is at least 1.5 MeV. If two CRs share a 288

crystal, they are merged. The optimal CR contains all deposited energy for a particle and 289

merges CRs from di↵erent particles only if di↵erent particles deposit energy in the shared 290

crystals. Each CR is then split into one or more clusters. 291

292

Each crystal in a CR that is a local energy maximum amongst its nearest neighbour crystals 293

serves as seed for one cluster. All crystals of the CR are assigned to each local maximum 294

10/??

� Analysis Method

• Tag a counterpart 𝐵 meson (𝐵ta୥) using hadronic or
semileptonic decays
ÆObtain information of 𝐵s୧୥ indirectly

• For ത𝐵 → 𝐷(∗)𝜏− ҧ𝜈𝜏, we measure

𝑅 𝐷 ∗ ≡
𝐵𝐹 𝐵 → 𝐷 ∗ 𝜏− ҧ𝜈𝜏
𝐵𝐹 𝐵 → 𝐷 ∗ 𝑙− ҧ𝜈𝑙

(𝑙− = 𝑒−, 𝜇−)

ഥ𝐷0

𝜋−

𝐵ta୥
ത𝐵s୧୥

𝜋−

𝐾+

𝑙−𝜏−

ҧ𝜈𝜏
𝜈𝜏

𝐷∗
𝜋+

𝐾−𝐷0

𝛾

ҧ𝜈𝑙

Tag side Signal side
𝑒+

𝑒−
2-3 neutrinos
Æ Impossible to fully  

reconstruct 𝐵s୧୥

Mini-workshop on D(*) Tau Nu and Related Topics
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Semileptonic and Missing Energy Decay WG

⇾ e.g. B → Xq ! ν, B → ! ν (ɣ), B → ν ν, B → h ν ν, B → " ", B → " !

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

! Function of Lorentz vectors and scalars of the decay ! p
2
B , p

2
X , pB · pX

! On-shell B ! X decay: form factors encode non-perturbative physics

* Form factors unknown functions of q
2 = (pB � pX )2 = (p` + p⌫)2

* E.g. decay rate in the SM for B ! scalar ` ⌫̄` decay: f = single form factor

|Vqb|2 ⇥ �(B ! X ` ⌫̄`) = |Vqb|2 ⇥ G
2
F �0

h
f (q2)
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R(D) and R(D*) Tree anomalies
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B→D* l ν, R(e/µ) by Belle agrees with SM at 3% precision.

Belle LHCb

Belle, Phys. Rev. D 100, 052007 (2019)
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Belle II B-tag reconstruction
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FEI = Full Event Interpretation using a machine learning 
technique, BDT (boosted decision trees) and 1000s of B decay 
modes.

e+ e�bb̄

bū

b̄u

c̄u

V
ub

W
−

−ν̄

b
u

`….

Vu
b

W
−

−ν̄

b

u

cū

⇡�
….

⌫̄`

⇣
pe+e� � pBtag � pD

⇤
� p`

⌘2
= (p⌫)

2 = m2
miss v 0

0

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. 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.

15

w
1 1.1 1.2 1.3 1.4 1.5 1.6

 / 
dw

 [G
eV

]
Γd

0

5

10

15

20

25

30

35

40
15−10×

w
1 1.1 1.2 1.3 1.4 1.5 1.6

 / 
dw

 [G
eV

]
Γd

0

5

10

15

20

25

30

35

40
15−10×

Belle
HPQCD
FNAL/MILC
Fit

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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To compare the hadronic tag provided by the FEI and 
the FRin a well-defined manner, which is independent of 
the signal-side, both algorithms are applied to the same set 
of ten million events. These events are randomly sampled 
from the full Υ(4S) dataset of 772 million events recorded 
by the Belle experiment. After the tag-side reconstruc-
tion, only B meson candidates are kept, which fulfill cuts 
on the beam-constrained mass of Mbc > 5.24GeV and on 
the deviation of the reconstructed energy from the nomi-
nal energy of −0.15GeV < !E < 0.1GeV calculated on 
the candidate. In addition, a best candidate selection is 
performed, taking the B meson candidate with the highest 
signal probability in each event.

The same cuts on the beam-constrained mass 
Mbc > 5.24GeV and the deviation of the reconstructed 
energy from the nominal energy −0.15GeV < !E < 0.1GeV 
were applied and only the best (i.e., the highest signal prob-
ability) B meson candidate in each event was used.

From this dataset, we determined the tag-side efficiency 
and tag-side purity for different cuts on the signal probabil-
ity. We followed the procedure established in previous pub-
lications [3, Chapter 7.1]. For different cuts on the signal 
probability, extended unbinned maximum likelihood fits of 
the beam-constrained mass spectrum are performed. The 
signal peak consisting of correct Btag mesons is modeled 
with a Crystal Ball function [21], whereas the background 
is described using an ARGUS function [22]. The Gauss-
ian mean of the Crystal Ball function was fixed to the B 
meson mass and its power law exponent was fixed to m = 4 
based on the expected shape obtained from Monte Carlo 
simulations. The location and the width of the ARGUS 
were fixed using the known kinematic end point of the 
spectrum. All other parameters: the normalization of both 
functions, the width of the Crystal Ball, and the remaining 

shape parameters of both functions were adjusted by the fit. 
The tag-side efficiency and tag-side purity are determined 
in a window of 5.27GeV < Mbc < 5.29GeV using the fitted 
yields of the signal and background component.

In addition, we checked for a potential peaking combina-
torial background component, which would bias the results. 
This test was done using ten million events recorded 60MeV 
below the Υ(4S) resonance. This dataset does not contain B 
mesons, hence no signal is expected. The fitted signal yields 
were compatible with zero.

The resulting ROC curves are shown in Figs. 4 and 5 
for charged and neutral Btag mesons, respectively. The FEI 
exhibits a larger overall tag-side efficiency compared to the 
FR. We observe a slightly better performance for the FR 
than reported in Feindt et al. [14]. Both algorithms per-
form equally well when requiring a high tag-side purity. 
We suspect this is because there are only a finite number 
of cleanly identifiable Btag meson candidates and both algo-
rithms identify them with similar performance. The results 
for tag-side purities above 70% cannot be extracted reliably 
and depend strongly on the chosen signal or background fit 
model. For practical applications, the low tag-side purity 
regions is of particular interest for exclusive measurements. 
The beam-constrained mass distributions corresponding to 
the low-purity region with about 15% tag-side purity and the 
high-purity region with approximatively 80% tag-side purity 
are shown in Figs. 6 and 7, respectively, for the charged Btag.

The maximum tag-side efficiency on recorded data is 
not determinable by this method, as the fits are restricted to 
the best Btag candidates. However, a significant contribution 
to the improvement of the FEI compared to the FRis the 
increased number of provided candidates per event. A phys-
ics measurement will benefit from these additional tag-side 
candidates by first combining them with potential signal-
side candidates, applying the completeness constraint (i.e., 

0.4 0.6 0.8 1.0 1.2 1.4 1.6
= Ndata/Nmc

B− → D0(K−π+) −ν

B− → D0(K−π+π+π−) −ν
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B0 → D∗−(D0(K+π−)π−) +ν

B0 → D∗−(D−(K+π−π−)π0) +ν

Fig. 3  The ratios calculated by measuring ten semileptonic decay 
channels on converted Belle data using the hadronic tag. The proce-
dure is described in Schwab [19]
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FIG. 2: Fits to the beam constrained mass, mbc, distribution of reconstructed B+ (top) and B0

(bottom) tag-side B mesons in data. Here correctly reconstructed signal is modelled with a Cystal
Ball and mis-reconstructed B mesons and continuum are modelled with an argus shape. While
the mean and sigma paramters of the Crystal Ball are free to float, the tail parameters are fixed
based on fits to correctly reconstructed tag-side candidates in simulation. Two choices of selection
are employed on the B meson classifier output, P, a looser selection of P > 0.1 (left) and a tighter
selection of P > 0.5 (right). The corresponding yields of correctly reconstructed B+ or B0 mesons
are displayed on each plot. Additional selections include an asymmetric selection on the beam
energy di↵erence to lie in the region �0.15 < �E < 0.1 GeV and a loose selection on the cosine
of the thrust axis between particles in the B system and those in its rest of event to be less than
0.95 to suppress continuum. In addition, a best candidate candidate selection is made selecting
the reconstructed B meson tag-side candidate in each event with the highest P.
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(bottom) tag-side B mesons in data. Here correctly reconstructed signal is modelled with a Cystal
Ball and mis-reconstructed B mesons and continuum are modelled with an argus shape. While
the mean and sigma paramters of the Crystal Ball are free to float, the tail parameters are fixed
based on fits to correctly reconstructed tag-side candidates in simulation. Two choices of selection
are employed on the B meson classifier output, P, a looser selection of P > 0.1 (left) and a tighter
selection of P > 0.5 (right). The corresponding yields of correctly reconstructed B+ or B0 mesons
are displayed on each plot. Additional selections include an asymmetric selection on the beam
energy di↵erence to lie in the region �0.15 < �E < 0.1 GeV and a loose selection on the cosine
of the thrust axis between particles in the B system and those in its rest of event to be less than
0.95 to suppress continuum. In addition, a best candidate candidate selection is made selecting
the reconstructed B meson tag-side candidate in each event with the highest P.
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New ML methods also being developed to improve lepton ID at 
low momentum, i.e. B→ τ → e/µ M. Milesi, CHEP 2019
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tag, are shown in Figure 6. The latter results are com-553

bined with this measurement to provide the preliminary554

Belle combination, also shown in the plot, with contours555

up to 3�.556

TABLE II. Fit results for the yields of all components.

Channel Component Yield
D+`� B ! D⌧⌫ 307± 65

B ! D`⌫ 6800± 179
B0 ! D⇤`⌫ 6370± 225
B0 ! D⇤⌧⌫ 269± 24
B ! D⇤⇤`⌫ 413± 110
Fake D 3072± 129 (Fixed)
Other 506± 23 (Fixed)

D0`� B ! D⌧⌫ 1471± 193
B ! D`⌫ 16096± 436
B+ ! D⇤`⌫ 45042± 563
B0 ! D⇤`⌫ 2302± 531
B+ ! D⇤⌧⌫ 1704± 177
B0 ! D⇤⌧⌫ 123± 11
B ! D⇤⇤`⌫ 3595± 252
Fake D 8708± 418 (Fixed)
Other 2131± 83 (Fixed)

D⇤+`� B ! D⇤⌧⌫ 376± 36
B ! D⇤`⌫ 9794± 109
B ! D⇤⇤`⌫ 314± 65
Fake D⇤ 754± 39 (Fixed)
Other 287± 13 (Fixed)

D⇤0`� B ! D⇤⌧⌫ 275± 29
B ! D⇤`⌫ 7148± 100
B ! D⇤⇤`⌫ 406± 64
Fake D⇤ 1993± 122 (Fixed)
Other 187± 7 (Fixed)

557

558559

VII. CONCLUSION560

In summary, we have measured the ratios R(D(⇤)) =
B(B̄ ! D(⇤)⌧�⌫̄⌧ )/B(B̄ ! D(⇤)`�⌫̄`), where ` denotes
an electron or a muon, based on a semileptonic tagging
method using a data sample containing 772 ⇥ 106BB̄
events collected with the Belle detector. The results are

R(D) = 0.307± 0.037± 0.016 (6)

R(D⇤) = 0.283± 0.018± 0.014, (7)

which are in agreement with the SM predictions within561

0.2� and 1.1�, respectively. The combined result agrees562

with SM prediction within 1.3�. This work constitutes563

the most precise measurement of R(D) and R(D⇤) per-564

formed to date. Furthermore, this is the first result of565

R(D) based on a semileptonic tagging method.566
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B→D(*) τ ν @ Belle II
• R(D/D*) stat limited: Belle II should confirm/

deny anomaly with 5 ab-1.(3-4x error reduction 
in 5 years) 

• Determine the type of mediator by  
analysis of kinematic spectra > 5 ab-1
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Fig. 60: Feynman diagrams of semileptonic B decays, mediated by a charged weak boson

(left) as well as mediators predicted in new physics models: a charged Higgs (middle), and

a leptoquark (right).

where S and Tµ⌫ are scalar and tensor currents (here S = b̄q, Tµ⌫ = b̄i�µ⌫q, q = c, u). The

scalar form factor in Eq. (97) is the same as that Eq. (96), owing to the partial conservation

of the vector current (PCVC), i@ · V = (mb � mq)S. Feynman diagrams of SM and beyond

SM semileptonic B decays are shown in Fig. 60.

The doubly di↵erential partial width for B ! P `±⌫` (assuming no scalar or tensor current)

is [212]
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where Cq = 1/2 for ⇡0 and 1 otherwise,22 ⌘EW is an electroweak correction discussed below,

�12 and ⇣12 are obtained from Eqs. (92) and (93) by substituting M2
B ! q2, and

� = (M2
B + M2
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the last being the angle in the centre-of-mass of the `` system between the B meson and

lepton 1 with charge ±1. Quantities such as �, �12 are sometimes known as the Källén

functions.

Integrating over cos ✓,

d�

dq2
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where
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22 This factor stems from the fact that a b ! u current produces only the ūu component of the ⇡0.
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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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where S and Tµ⌫ are scalar and tensor currents (here S = b̄q, Tµ⌫ = b̄i�µ⌫q, q = c, u). The

scalar form factor in Eq. (97) is the same as that Eq. (96), owing to the partial conservation

of the vector current (PCVC), i@ · V = (mb � mq)S. Feynman diagrams of SM and beyond

SM semileptonic B decays are shown in Fig. 60.
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Deviations from SM observed, 
primarily claimed by LHCb. 
RK* ~2.1σ (low bin), 2.5σ (central bin)

  
RK (*) (q

2 ) = BF(B→ K (*)µ+µ− )
BF(B→ K (*)e+e− )

]2c) [MeV/−e+e−π+K(m
4500 5000 5500 6000

2 c
C

an
di

da
te

s p
er

 3
4 

M
eV

/

2−10

1−10

1

10 LHCb

Signal

Combinatorial
−e+Xe→0B

]2c) [MeV/−e+e−π+K(m
4500 5000 5500 6000

2 c
C

an
di

da
te

s p
er

 3
4 

M
eV

/

5

10

15

20

25 LHCb
−e+e0*K→0B

Combinatorial
−e+Xe→B

]4c/2<1.1 [GeV2q0.045<

]2c) [MeV/−e+e−π+K(m
4500 5000 5500 6000

Pu
lls

5−
0
55

]2c) [MeV/−e+e−π+K(m
4500 5000 5500 6000

2 c
C

an
di

da
te

s p
er

 3
4 

M
eV

/

2−10

1−10

1

10 LHCb
Signal
Combinatorial

ee)0*YK→(X→0B
ee)→(ψ/J0*K→0B

]2c) [MeV/−e+e−π+K(m
4500 5000 5500 6000

2 c
C

an
di

da
te

s p
er

 3
4 

M
eV

/

5

10

15

20

25

30

35 LHCb
−e+e0*K→0B

Combinatorial
−e+Xe→B
ψ/J0*K→0B

]4c/2<6.0 [GeV2q1.1<

]2c) [MeV/−e+e−π+K(m
4500 5000 5500 6000

Pu
lls

5−
0
55

]2c) [MeV/−e+e−π+K(m
4500 5000 5500 6000

2 c
C

an
di

da
te

s p
er

 3
4 

M
eV

/

2−10

1−10
1

10

210

310 LHCb
ψ/J0*K→0B

Combinatorial
ψ/Jp+K→

0
bΛ

ψ/J0*K→
0
sB

]2c) [MeV/−e+e−π+K(m
4500 5000 5500 6000

2 c
C

an
di

da
te

s p
er

 3
4 

M
eV

/

1000
2000
3000
4000
5000
6000
7000
8000 LHCb

ψ/J0*K→0B
Combinatorial

ψ/Jp+K→0bΛ
ψ/J0*K→0sB

]2c) [MeV/−e+e−π+K(m
4500 5000 5500 6000

Pu
lls

5−
0
55

Figure 7: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

Table 3: E�ciency ratios between the nonresonant and resonant modes, "`+`�/"J/ (`+`�), for the
muon and electron (in the three trigger categories) channels. The uncertainties are statistical
only.

"`+`�/"J/ (`+`�)

low-q2 central-q2

µ
+
µ
� 0.679 ± 0.009 0.584 ± 0.006

e
+
e
� (L0E) 0.539 ± 0.013 0.522 ± 0.010

e
+
e
� (L0H) 2.252 ± 0.098 1.627 ± 0.066

e
+
e
� (L0I) 0.789 ± 0.029 0.595 ± 0.020

9 Cross-checks

A large number of cross-checks were performed before unblinding the result. The control
of the absolute scale of the e�ciencies is tested by measuring the ratio of the branching
fractions of the muon and electron resonant channels

rJ/ =
B(B0! K

⇤0
J/ (! µ

+
µ
�))

B(B0! K
⇤0

J/ (! e
+
e
�))

,

13

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

Anomalies in bÆsl+l-

• Claimed by LHCb
– LFU violation

• Theoretically clean
• Naïve combination of RK and RK* ~4V
• ~30% deviation from the SM

19

Belle (LHCb, Babar)
q2= M2(l+l-)

Belle, 
B0→K*0e+e-

Belle, arXiv:1904.02440 
LHCb, JHEP 08(2017) 055
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RK is ~2.5σ from the SM, primarily 
claimed by LHCb. 
New Belle result compatible with SM but 
Belle II dataset needed.

RK and RK⇤ at LHCb 14 / 19

RK results
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[PRL 122 (2019) 191801]
LHCb [PRL 122 (2019) 191801]
LHCb Run 1 [PRL 113 (2014) 151601]
Belle [PRL 103 (2009) 171801]
BaBar [PRD 86 (2012) 032012]
Belle 2019 [arXiv:1908.01848]

⌅ RK(1 < q2 < 6.0 GeV2) = 0.846+0.060
�0.054

+0.016
�0.014 [PRL 122 (2019) 191801]

RK(1 < q2 < 6.0 GeV2) = 0.745+0.090
�0.075 ± 0.036 [PRL 113 (2014) 151601]

⌅ 2.5� tension with SM prediction

C. Langenbruch (RWTH), Beauty 2019 LFU in b ! s`` decays
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C. Langenbruch (RWTH), Beauty 2019 LFU in b ! s`` decays

Belle, 
B+→K+e+e-

Belle, arXiv:1908.01848 
LHCb, PRL 122(2019) 191801
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P5’ Anomalies
• Deviations from SM also claimed in folded angular observables. 

• Anomaly claimed by LHCb analysis. 

• Theoretically affected by charm loop effect. 

• About ~4σ deviation q2=[4,8]GeV2  

• In 2022, Belle II can reach current LHCb sensitivity and add neutral & inclusive modes.

54

P5’ in BÆK*l+l-

• LHCb can observe the deviation with data 
already in hand.

• In 2022, Belle II can reach current LHCb sensitivity
– Belle II can confirm or deny LHCb anomaly in P5’ 

with

• Statistically dominated even with 50ab-1

– With 50ab-1, the sensitivity is competitive to LHCb
with 50fb-1

Current LHCb

22

Anomalies in bÆsl+l-

• Claimed by LHCb

– Angular Observable P5’

• Theoretically dirty (charm loop)

• About ~4V�deviation q2=[4,8]GeV2

• ~50% deviation

20

Anomalies in bÆsl+l-
• Claimed by LHCb– Angular Observable P

5’
• Theoretically dirty (charm loop)

• About ~4V�deviation q2=[4,8]GeV2

• ~50% deviation

20

Global Fit to bÆs
• NP effect in C9

P

D. Straub@MoriondEW2019

21
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EW penguin B decays / Belle II Prospects

55

8

TABLE II. Result for RK⇤ , RK⇤0 and RK⇤+ . The first un-
certainty is statistical and the second is systematic.

q2 in GeV2/c4 All modes B0 modes B+ modes

[0.045, 1.1] 0.52+0.36
�0.26 ± 0.05 0.46+0.55

�0.27 ± 0.07 0.62+0.60
�0.36 ± 0.10

[1.1, 6] 0.96+0.45
�0.29 ± 0.11 1.06+0.63

�0.38 ± 0.13 0.72+0.99
�0.44 ± 0.18

[0.1, 8] 0.90+0.27
�0.21 ± 0.10 0.86+0.33

�0.24 ± 0.08 0.96+0.56
�0.35 ± 0.14

[15, 19] 1.18+0.52
�0.32 ± 0.10 1.12+0.61

�0.36 ± 0.10 1.40+1.99
�0.68 ± 0.11

[0.045, ] 0.94+0.17
�0.14 ± 0.08 1.12+0.27

�0.21 ± 0.09 0.70+0.24
�0.19 ± 0.07

[21] B. Capdevila, S. Descotes-Genon, J. Matias, and
J. Virto, JHEP 10, 075 (2016), arXiv:1605.03156 [hep-
ph].

[22] B. Capdevila, A. Crivellin, S. Descotes-Genon, J. Matias,
and J. Virto, JHEP 01, 093 (2018), arXiv:1704.05340
[hep-ph].

[23] T. Abe et al. (Belle II Collaboration), arXiv:1011.0352
[physics.ins-det].

[24] E. Kou et al. (Belle II Collaboration), arXiv:1808.10567
[hep-ex].

Belle Preliminary 2019, arXiv:1904.02440
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FIG. 2: The measurements of RK (top) and RK⇤ (bottom) vs. q2 with di↵erent projected
uncertainties assuming the central values of Belle measurements of RK and RK⇤ remain as

it is

4

Table 5: Expected errors on several selected observables in radiative and electroweak penguin

B decays. Note that 50 ab�1 projections for Bs decays are not provided as we do not expect

to collect such a large ⌥ (5S) data set.

Observables Belle Belle II

(2017) 5 ab�1 50 ab�1

B(B ! K⇤+⌫⌫) < 40⇥ 10�6 25% 9%

B(B ! K+⌫⌫) < 19⇥ 10�6 30% 11%

ACP (B ! Xs+d�) [10
�2] 2.2± 4.0± 0.8 1.5 0.5

S(B ! K0

S⇡
0�) �0.10± 0.31± 0.07 0.11 0.035

S(B ! ⇢�) �0.83± 0.65± 0.18 0.23 0.07

AFB(B ! Xs`+`�) (1 < q2 < 3.5 GeV2/c4) 26% 10% 3%

Br(B ! K+µ+µ�)/Br(B ! K+e+e�)

(1 < q2 < 6 GeV2/c4)

28% 11% 4%

Br(B ! K⇤+(892)µ+µ�)/Br(B !

K⇤+(892)e+e�) (1 < q2 < 6 GeV2/c4)

24% 9% 3%

B(Bs ! ��) < 8.7⇥ 10�6 23% �

B(Bs ! ⌧⌧) [10�3] � < 0.8 �

Charm physics. This chapter presents the prospects for charm meson physics, sum- 330

marised in Tables 12 and 13. Charm is a large area of opportunity for Belle II, covering 331

CP violation, FCNC, tree level and missing energy decay transition measurements. Novel 332

techniques for tagging in CP violation measurements are shown. 333

Quarkonium. This chapter presents the prospects for quarkonium(like) physics, providing 334

a detailed theoretical overview of perturbative QCD computation, lattice QCD as well as 335

models for unconventional states (Tetraquark, Hybrid mesons and Hadronic molecule) is 336

presented. At Belle II, charmonium(-like) states can be produced from B decays, initial 337

state radiation, two photon collisions, and double charmonium production, which allow for 338

detailed studies of the nature of any observed states. The motivations for dedicated non- 339

⌥ (4S) runs are detailed: to provide us with a deeper understanding of bottomonium(-like) 340

states. Light Higgs and lepton universality violation searches using decays of ⌥ (1S, 2S, 3S) 341

are also reviewed. 342

15

Belle II should refute/confirm deviations observed 
by LHCb within 5 years. 
Large program of radiative decays CP violation - 
New sources of CP violation in B→K*γ, ργ  could 
reveal right handed currents. 
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function to model background from the continuum and combinatorial B decays (dashed blue line);
a Crystal Ball summed with a second ARGUS function to describe peaking backgrounds and
higher-mass resonance feed-down (dashed red line); and a Crystal Ball for the signal. The total fit
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signal component has a significance of 4.4 σ, and the yield of signal events is found to be 17.0±4.5
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function to model background from the continuum and combinatorial B decays (dashed blue line);
a Crystal Ball summed with a second ARGUS function to describe peaking backgrounds and
higher-mass resonance feed-down (dashed red line); and a Crystal Ball for the signal. The total fit
with the signal component is the solid blue line and the data are overlaid as black markers. The
signal component has a significance of 4.4 σ, and the yield of signal events is found to be 17.0±4.5
(error is statistical only).
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FIG. 2: The beam-constrained mass (mbc) distribution of B+ → K∗+γ → K+π0γ decay candidates
in a window −0.2GeV < ∆E < 0.08GeV. The fit contains the following components: an ARGUS
function to model background from the continuum and combinatorial B decays (dashed blue line); a
Crystal Ball summed with a second ARGUS function to describe peaking backgrounds and higher-
mass resonance feed-down (dashed red line); and a Crystal Ball for the signal. The total fit with
the signal component is the solid blue line and the data are overlaid as black markers. The signal
component has a significance of 3.7 σ, and the yield of signal events is found to be 9.8± 3.4 (error
is statistical only).
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FIG. 3: The beam-constrained mass (mbc) distribution of B+ → K∗+γ → K0
Sπ

+γ decay candidates
in a window −0.2GeV < ∆E < 0.08GeV. The fit contains the following components: an ARGUS
function to model background from the continuum and combinatorial B decays (dashed blue line); a
Crystal Ball summed with a second ARGUS function to describe peaking backgrounds and higher-
mass resonance feed-down (dashed red line); and a Crystal Ball for the signal. The total fit with
the signal component is the solid blue line and the data are overlaid as black markers. The signal
component has a significance of 2.1 σ, and the yield of signal events is found to be 6.6± 3.1 (error
is statistical only).
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FIG. 1: The beam-constrained mass (mbc) distribution of B0 → K∗0γ → K+π−γ decay candidates
in a window −0.2GeV < ∆E < 0.08GeV. The fit contains the following components: an ARGUS
function to model background from the continuum and combinatorial B decays (dashed blue line); a
Crystal Ball summed with a second ARGUS function to describe peaking backgrounds and higher-
mass resonance feed-down (dashed red line); and a Crystal Ball for the signal. The total fit with
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component has a significance of 4.4 σ, and the yield of signal events is found to be 19.1±5.2 (error
is statistical only).
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Belle II’s 1st penguin: Observation of B→K* γ 

56

  Nsig = 35.5± 6.9

Yields consistent with 
WA branching fraction

~1/4 of the Phase 3 
dataset 
B→KSπ0 γ is the target 
for TDCPV analysis
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Belle II Milestones in the next 5 years (B-physics oriented)

57

[ab-1] Group Channel Current 
precision 

(Belle)

Precision

0.05 LOWM ee→ A’ γ, A’→ invisible - Unique

LOWM ee→ a’ γ, a’ → γ γ - Unique

LOWM ee→ Z’ µµ, Z’→ invisible - Unique

LOWM ee→ MM - Unique

2 SL R(B→D*τν) 0.02 0.012

SL R(B→Dτν) 0.07 (0.04) 0.035 (0.024)

SL |Vub| (B→π l ν)   
+LQCD improvements

5% 2.5%

TDCPV SCP(B→ J/ψ KS) 0.023 0.012

6 SL Br(B→τν) 21% 9%

SL Br(B →µν) 2 σ > 5 σ 

SL Br(B → Xu l ν) inclusive dΓ/dMx for |Vub| 9% 4%

EWP R(K) e.g. 1<q2<6 GeV/c2 28% 11%

EWP R(K*) e.g. 1<q2<6 GeV/c2 26% 10%

EWP P(5’) in B→ K*l+l- e.g. 4<q2<6 GeV/c2 0.34 0.12

TDCPV SCP(B→η’ KS) 0.08 0.03

TDCPV SCP(B→K* γ) 0.32 0.12

HAD Φ3 (B→DK) 15 deg 5 deg

15 EWP Br(B→Xs l+l-), e.g. 3.5<q2<6 GeV/c2 24% 8%

TDCPV SCP(B→ργ) 60 10

TDCPV SCP(B→J/ψ π0) 0.22 0.10

HAD ACP(B→KS π0) 0.15 0.05

20+ EWP Br(B→K ν ν) ~100% 11%

EWP Br(B→K* ν ν) ~100% 10%

EWP Br(Bs→ γ γ) < 8.7 10-6 0.3 10-6

TDCPV SCP(B→π0π0) - 0.06

Modes highlighted as golden in the B2TiP 
(Belle II Physics) book (non exhaustive).

E. Kou, PU et al. arXiv: 1808.10567 
Accepted to PTEP, printing in December
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Belle II - LHCb Comparison

58

Observable
Current 

Belle/
Babar

Current 
LHCb

Belle II  
(50 ab-1)

LHCb  
(23 fb-1)

Belle II 
Upgrade  
(250 ab-1)

LHCb 
upgrade II 
(300 fb-1)

CKM precision, new physics in CP Violation
sin 2β/φ1 (B→ J/ψ KS) 0.03 0.04 0.005 0.011 0.002 0.003
γ/φ3 13º 5.4º 1.5º 1.5º 0.4º 0.4º
α/φ2 4º – 0.6º – 0.3º –
|Vub| (Belle) or |Vub|/|Vcb| (LHCb) 4.5% 6% 1% 3% <1% 1%
φs – 49 mrad – 14 mrad – 4 mrad
SCP(B→η’ KS, gluonic penguin) 0.08 ○ 0.015 ○ 0.007 ○
ACP(B→KSπ0) 0.15 – 0.04 – 0.02 –
New physics in radiative & EW Penguins, LFUV
SCP(Bd→K* γ) 0.32 ○ 0.035 ○ 0.015 ○
R(B→K*l+l-) (1<q2<6 GeV2/c2) 0.24 0.1 0.03 0.03 0.01 0.01
R(B→D*τν) 6.4% 10% 1.5% 3% <1% 1%
Br(B→τν), Br(B→K*νν) 24%, – – 4%, 9% – 1.7%,  4% –
Br(Bd→µµ) – 90% – 34% – 10%
Charm and τ 
ΔACP(KK-ππ) – 8.5×10-4 5.4×10-4 1.7×10-4 2×10-4 0.3×10-4

ACP(D→π+π0) 1.2% – 0.2% – 0.1% –
Br(τ→e γ) <120×10-9 – <12×10-9 – <5×10-9 –
Br(τ→µµµ) <21×10-9 <46×10-9 <3×10-9 <16×10-9 <0.3×10-9 <5×10-9

Belle II  
Higher sensitivity to decays with 
photons and neutrinos (e.g. B→Kνν, 
µν), inclusive decays, time 
dependent CPV in Bd, τ physics. 

LHCb 
Higher production rates for ultra 
rare B, D, & K decays, access to all 
b-hadron flavours (e.g. Λb), high 
boost for fast Bs oscillations. 

Overlap in various key areas to 
verify discoveries. 

Upgrades  
Most key channels will be stats. 
limited (not theory or syst.). 
LHCb scheduled major upgrades 
during LS3 and LS4. 
Belle II formulating a 250 ab-1 
upgrade program post 2028.

arXiv: 1808.08865 (Physics case for LHCb upgrade II), 1808.10567 (Belle II Physics Book) ○ Possible in similar channels, lower precision
– Not competitive.



WHEPP 2019 Phillip URQUIJO

Conclusions
• CKM UT angles (CP violating) and sides (CP conserving) to improve everywhere by factor 

~3x at least within 5 years: results from Belle II, LHCb, BESIII, LQCD. 

• Most powerful tests will continue to be statistics limited, clean theoretically and 
systematically. 

• Many more BSM CPV searches to greatly improve with upgraded detectors + datasets (Belle II, 
LHCb), such as gluonic (B→ η’KS) and EW penguin (B→ργ). 

• LFUV in leptonic and semileptonic theoretically clean but NOT always experimentally 
clean. Material mapping, hermetic coverage, and lepton universality in triggering and 
DETECTION is critical. Belle II has a major role in next 5 years. 

• Belle II: First physics run in Super B Factory mode (Phase 3) began March 2019.  
Integrated ~10 fb-1, 1034 /cm2/s exceeded. 
5 year prospects are very promising on CP violation, UT precision tests and LFUV anomalies.

59
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Roadmap
• Most powerful tests will continue 

to be statistics limited, clean 
theoretically and systematically.

61

B → µ ν 
Discovery

Resolve |Vub| 
puzzle

τ LFV 
Discovery

B→Kee LFUV 
New Physics

B→Kνν SM 
Discovery

B→ η’ Ks New CP

WR in B→ργ

ee→ ππ(γ) 
precision µ(g-2)

Confirm B→D*τ ν 
New physics

Φ2, Φ3 < 2o

ee→A’ (χ χ) γ
τ →1P vs τ → 3P

E. Kou, PU et al. 
arXiv: 1808.10567 
Accepted to PTEP
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Belle II Physics Ultimate Precision, 50 ab-1

62

2 Introduction

Table 16: Expected errors on several selected flavour observables with an integrated lumi-

nosity of 50 ab�1 of Belle II data. Errors given in % represent relative errors. In the final

column we denote where LHCb is expected to reach a highly competitive level of precision:

if one experiment is expected to be slightly more accurate we list it first.

Observables Expected the. accu-
racy

Expected
exp. uncertainty

Facility (2025)

UT angles & sides
�1 [�] *** 0.4 Belle II
�2 [�] ** 1.0 Belle II
�3 [�] *** 1.0 LHCb/Belle II
|Vcb| incl. *** 1% Belle II
|Vcb| excl. *** 1.5% Belle II
|Vub| incl. ** 3% Belle II
|Vub| excl. ** 2% Belle II/LHCb
CPV
S(B ! �K0) *** 0.02 Belle II
S(B ! ⌘0K0) *** 0.01 Belle II
A(B ! K0⇡0)[10�2] *** 4 Belle II
A(B ! K+⇡�) [10�2] *** 0.20 LHCb/Belle II
(Semi-)leptonic
B(B ! ⌧⌫) [10�6] ** 3% Belle II
B(B ! µ⌫) [10�6] ** 7% Belle II
R(B ! D⌧⌫) *** 3% Belle II
R(B ! D⇤⌧⌫) *** 2% Belle II/LHCb
Radiative & EW Penguins
B(B ! Xs�) ** 4% Belle II
ACP (B ! Xs,d�) [10�2] *** 0.005 Belle II
S(B ! K0

S⇡0�) *** 0.03 Belle II
S(B ! ⇢�) ** 0.07 Belle II
B(Bs ! ��) [10�6] ** 0.3 Belle II
B(B ! K⇤⌫⌫) [10�6] *** 15% Belle II
B(B ! K⌫⌫) [10�6] *** 20% Belle II
R(B ! K⇤``) *** 0.03 Belle II/LHCb
Charm
B(Ds ! µ⌫) *** 0.9% Belle II
B(Ds ! ⌧⌫) *** 2% Belle II
ACP (D0 ! K0

S⇡0) [10�2] ** 0.03 Belle II
|q/p|(D0 ! K0

S⇡+⇡�) *** 0.03 Belle II
�(D0 ! K0

S⇡+⇡�) [�] *** 4 Belle II
Tau
⌧ ! µ� [10�10] *** < 50 Belle II
⌧ ! e� [10�10] *** < 100 Belle II
⌧ ! µµµ [10�10] *** < 3 Belle II/LHCb

47/707

CKM

CPV

SL

EWP

D

τ 
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exp. uncertainty
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�1 [�] *** 0.4 Belle II
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S(B ! �K0) *** 0.02 Belle II
S(B ! ⌘0K0) *** 0.01 Belle II
A(B ! K0⇡0)[10�2] *** 4 Belle II
A(B ! K+⇡�) [10�2] *** 0.20 LHCb/Belle II
(Semi-)leptonic
B(B ! ⌧⌫) [10�6] ** 3% Belle II
B(B ! µ⌫) [10�6] ** 7% Belle II
R(B ! D⌧⌫) *** 3% Belle II
R(B ! D⇤⌧⌫) *** 2% Belle II/LHCb
Radiative & EW Penguins
B(B ! Xs�) ** 4% Belle II
ACP (B ! Xs,d�) [10�2] *** 0.005 Belle II
S(B ! K0

S⇡0�) *** 0.03 Belle II
S(B ! ⇢�) ** 0.07 Belle II
B(Bs ! ��) [10�6] ** 0.3 Belle II
B(B ! K⇤⌫⌫) [10�6] *** 15% Belle II
B(B ! K⌫⌫) [10�6] *** 20% Belle II
R(B ! K⇤``) *** 0.03 Belle II/LHCb
Charm
B(Ds ! µ⌫) *** 0.9% Belle II
B(Ds ! ⌧⌫) *** 2% Belle II
ACP (D0 ! K0

S⇡0) [10�2] ** 0.03 Belle II
|q/p|(D0 ! K0

S⇡+⇡�) *** 0.03 Belle II
�(D0 ! K0

S⇡+⇡�) [�] *** 4 Belle II
Tau
⌧ ! µ� [10�10] *** < 50 Belle II
⌧ ! e� [10�10] *** < 100 Belle II
⌧ ! µµµ [10�10] *** < 3 Belle II/LHCb
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Dark Sector, expected sensitivity

63

Dark sector results are the first to 
come from Belle II

ee→µµγ 
Single Photon Lines

e+e- → γ X 
e+e- → γ ALP (→γγ) 
e+e- → γ A’ (dark photon) 
Dark Z’, Magn. Monopoles
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Fig. 27: Combined projections (LDMX, Belle II) and constraints, encapsulating direct pro-

duction LDM constraints in the context of a kinetically mixed Dark Photon coupled to a

LDM state that scatters elastically (or nearly elastically) at beam–dump, missing energy,

and missing momentum experiments (Dark Photon mass mA0 = 3m� and coupling of the

Dark Photon to Dark Matter g� = 0.5 where applicable) [331–333]. The Belle II projection

for Phase 3 is extrapolated from the limit for Phase 2 (see Sec.2.2.1). Note that the relic den-

sity lines assume a standard cosmological history and that there is only a single component

of dark matter, which only interacts via Dark Photon exchange.

Alternatively, it may be possible to produce such a mediator o↵-shell, such that decays1700

into a pair of DM particles are allowed [291]. This process can for example be searched for in1701

radiative ⌥ decays, taking into account that the photon energy is now continuous rather than1702

having a bump: ⌥ (1S) ! � +M⇤
! � + inv. For a vector mediator one can instead study1703

the case that the ⌥ (1S) decays fully invisibly, such that the event is only visible due to the1704

pions from the decay of the heavier ⌥ resonance: ⌥ (3S) ! ⌥ (1S) + ⇡⇡ ! ⇡⇡ + inv [325].1705

These searches for non-resonant invisible decays may also allow to constrain mediators with1706

a mass above the centre-of-mass energy of the collider, provided the DM mass is small1707

enough [326, 327]. For CP-even scalar mediators, an analogous search can be performed1708

in the decays of scalar bottomium �b [328]. These searches can be used to constrain the1709

interactions of DM via heavy mediators in a model-independent e↵ective operator approach.1710

To conclude this discussion, we note that it is also conceivable that there is more than1711

one new mediator. For example, the mass for a vector mediator V could arise from a dark1712

Higgs bosonH 0 = (h0 + v0)/
p
v0 giving interactions such as (m2

V /v
0)h0V 2

µ and (mV /v0)2h02V 2
µ ,1713

while H 0 couples to the SM via the Higgs portal. In such a scenario the dark Higgs may be1714

produced via dark Higgsstrahlung from the vector mediator [312], which can lead to striking1715

signatures such as e+e� ! 3`+3`� [329, 330].1716
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Potential competition with BaBar: publish Phase 2 results as soon as possible

Data validation with radiative Bhabhas: 
almost identical kinematics

ALPs: data validation and expectations

Phase2 & early Phase 3

Good agreement in shapes and number of events

9

Assumes no veto of JJ
events in barrel at

trigger level
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FIG. 1: Invariant mass of �� for data phase III. The functions superimposed are the result of a
binned ML fit to the data using as signal a Crystal Ball plus a Gauss (with the same mean) and
a first order polynomial for background. A clear peak for the decay ⇡0 ! �� is visible. Data
corresponds to an integrated luminosity of 2.62 fb�1 (proc9 hadron skim). The selection criteria
are E� > 120MeV, E9/E21 > 0.9, Nhits > 1.5.
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Leptophilic Dark Z’

64

Belle II First Physics. A novel result on the dark sector  
(Z’ → nothing) recoiling against µ-µ or e-µ pair. 
 Both possibilities are poorly constrained at low Z’ mass 
and in the first case, could explain µ g-2 anomaly. 

Previously limited by trigger, QED background and theoretical imagination.  Now new possibilities of 
triggering, more bandwidth.

Also examine a  lepton flavour 
violating NP signature in the dark 
sector

 Coupling g’
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FIG. 68: Recoil mass spectrum for the µµ sample after the ⌧ suppression procedure. Monte Carlo
values rescaled for luminosity, trigger e�ciency (0.79) and validation procedure outcome (0.65). In
the recoil mass interval �0.15 ÷ 6.5 (7) GeV/c2, 8 (17) events are found in data and 8.6 (16.8) in
Monte Carlo.
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FIG. 69: p-values as a function of the recoil mass: normal binning (left), half bin shifted option
(right).

83

1 2 3 4 5 6 7 8
]2 Recoil mass [GeV/c

100

200

300

400

500

600

700

800

900

1000

 in
vi

si
bl

e)
 [f

b]
→

 Z
', 

Z'
 

-
µ +

µ 
→ - e+

(e
σ 

Belle II 2018  -  Preliminary
-1 = 276 pbL dt ∫

FIG. 70: 90% CL upper limits to �[e+e� ! µ+µ�Z 0(! invisible)].
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FIG. 71: 90% CL upper limits to g0. The solid line assumes the Lµ � L⌧ predicted branching
fraction for Z 0 ! invisible while the dashed line assumes BF [Z 0 ! invisible]=1. The red band
shows the region that could explain the anomalous muon magnetic moment (g � 2)µ ± 2�.
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Search for ee→µµZ’/eµZ’ (Z’→nothing)

65

Compatible with backgrounds, No excess above 3σ
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FIG. 74: p-values as a function of the recoil mass for the eµ sample.
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FIG. 75: 90% CL upper limits to ✏⇥ �[e+e� ! e±µ⌥invisible].
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FIG. 72: 90% CL upper limits to g0. The solid line assumes the Lµ � L⌧ predicted branching
fraction for Z 0 ! invisible while the dashed line assumes BF [Z 0 ! invisible]=1. The red band
shows the region that could explain the anomalous muon magnetic moment (g � 2)µ ± 2�. The
linear scale on MZ0 is used here.
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FIG. 73: Recoil mass spectrum for the eµ sample after the ⌧ suppression procedure. Monte Carlo
values rescaled for luminosity, trigger e�ciency (0.96) and validation procedure outcome (0.9). In
the recoil mass interval �0.15 ÷ 6.5 (7) GeV/c2, 5 (9) events are found in data and 4.9 (7.9) in
Monte Carlo.
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