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Belle II Flavour Program
• Belle II plans to collect 50 ab-1 of collisions near Y(4S) 

• a (Super) B-factory (~1.1 x 109 BB pairs per ab-1) 
a (Super) charm factory (~1.3 x 109 cc pairs per ab-1) 
a (Super) τ factory (~0.9 x 109 ττ pairs per ab-1) 

• Flavour program at Belle II 

• CKM precision metrology. 

• Flavour BSM analyses with good “detection universality” (e.g. 
leptons). 

• Dark, missing energy: hidden portals, axiflavons etc. 

• Important, unexplained hierarchy among 10 of 19 params of SM 
mν=0  

• Mass (6 params, small ratios of scales) 

• CP violation (4 params, strong hierarchy between generations)  

• With phenomenological consequences for quark flavour dynamics 
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|Vub| inclusive 
exclusive tension|Vcb| inclusive 

exclusive tension

RK and RK* 
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CKM and CPV SM Metrology: Belle II core program
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B → ππ, ρρ α / Φ2 B→D* l ν / b → c l ν |Vcb| via Form factor  / OPE

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

B → J/ψ Ks β / Φ1 M → l ν (γ) |VUD| via Decay constant fM

Bs → J/ψ Φ βs Δmd, Δms |Vtb Vt{d,s}| via Bag factor BB

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

Φ2

Φ1Φ3

WA HFLAV & CKMfitter 2018 
sin2Φ1 = 0.70 ± 0.02 

Φ2  =  (84.9 +5.1−4.5)°  

Φ3 = (73.5+4.2-5.1)°  

|Vub| = (3.98 ± 0.08 ± 0.22) 10-3 

|Vcb| = (41.8 ± 0.4 ± 0.6) × 10−3 

/16Alex Birnkraut | Time-dependent CP violation in B->DX,,,, | July 6th, 2018B! DX
<latexit sha1_base64="5irS35vcMgPOQhz8Z6qDnNX+IN8="></latexit><latexit sha1_base64="5irS35vcMgPOQhz8Z6qDnNX+IN8="></latexit><latexit sha1_base64="5irS35vcMgPOQhz8Z6qDnNX+IN8="></latexit><latexit sha1_base64="5irS35vcMgPOQhz8Z6qDnNX+IN8="></latexit>

‣ measurement of CP violation as precision test of  the SM 

‣ transition amplitudes of weak interactions described  
by CKM matrix 
- 4 parameters (3 real parameters + complex phase) 
- unitary 
→ triangle in the complex plane 

‣ discrepancy in position of the apex  
→ physics beyond SM 

‣ weak phase g is the least well measured angle 
‣ can be tested in tree-level decays: g= 72.1 
- interference of b->c,, and b->u,, transitions 
- time-dependent measurements in B2Dpi  

and Bs2DsK

Motivation
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ICHEP 16

CKM
f i t t e r

B0! D⌥⇡±
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B0s! D⌥s K±
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� = (72.1+5.4�5.8)
�

<latexit sha1_base64="ldxwfN7GtRfE80DOP/qpQe91bTQ="></latexit><latexit sha1_base64="ldxwfN7GtRfE80DOP/qpQe91bTQ="></latexit><latexit sha1_base64="ldxwfN7GtRfE80DOP/qpQe91bTQ="></latexit><latexit sha1_base64="ldxwfN7GtRfE80DOP/qpQe91bTQ="></latexit> CKMfitter

• Precision improvements require improved uncertainties and resolved 
tensions, e.g. |Vub| inc.-excl.
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CKM and CPV SM Metrology: Belle II core program
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B → ππ, ρρ α / Φ2 B→D* l ν / b → c l ν |Vcb| via Form factor  / OPE

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

B → J/ψ Ks β / Φ1 M → l ν (γ) |VUD| via Decay constant fM

Bs → J/ψ Φ βs Δmd, Δms |Vtb Vt{d,s}| via Bag factor BB

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)
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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

Φ2

Φ1Φ3

WA HFLAV & CKMfitter 2018 
sin2Φ1 = 0.70 ± 0.02 

Φ2  =  (84.9 +5.1−4.5)°  

Φ3 = (73.5+4.2-5.1)°  

|Vub| = (3.98 ± 0.08 ± 0.22) 10-3 

|Vcb| = (41.8 ± 0.4 ± 0.6) × 10−3 
• Precision improvements require improved uncertainties and resolved 

tensions, e.g. |Vub| inc.-excl.
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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

~900 researchers 
(306 grad students) 
from 25 countries. 



Assumption:
(1) 8x1035 will be achieved during 4 years (4 x 8 months = 32 months). -> ΔLpeak = 2.5x1034 per month
(2) Luminosity upgrade plan obeys Morita's plan until 2020 Summer.
(3) Learning curve is a straight line from 2021 (resolution is one month).
(4) Efficiency of integrated luminosity is 70 % (includes recorded/delivered, maintenance days, etc.).
(5) 8 months operation per year except for FY2019.
(6) 8 months shutdown in 2020 for PXD and 6 months in 2023 for RF upgrade(from 70 % to 100 %).

Last updated: Jan/29 2019

Conservative
bottom-up estimate

4 years for the design lumi.

8 mo shutdown assuming we 
replace PXD and TOP PMT

6 mo shutdown 
for RF upgrade

Belle II Phillip URQUIJO

Expected (Integrated) Luminosity
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SuperKEKB - March 25 2019 “Phase 3” Begins
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1) New e+ damping ring (commissioned 2018). 
2) New 3 km e+ ring vacuum chamber 

(commissioned in 2016). Optics and 
vacuum scrubbing in 2018. 

3) New superconducting final focus 
(commissioned 2018).

SuperKEKB, 2/4/2019
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Large crossing angle nano-beams 
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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 
TDCPV 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
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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

Belle II Detector, 2019 commissioning of new VXD 
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19

Belle subdetector installation

● Barrel Cherenkov PID detector (TOP) installed 

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

integration completed last week (left)

● Central vertexing detectors (SVD+PXD) 

assembling; will be integrated after Phase 2

● Other installation and upgrade work ongoing

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 
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VXD measured and expected performance
• PXD: L1+1/6 of L2 (rest will be added in 2020)  

• VXD (tracking) already working in phase 3.
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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 

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
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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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Results from Phase II – Detector Performance

𝜋𝜋0

Transverse impact parameter resolution of 12 μm (vs 10 μm 
expected) thanks to PXD, about 2x better than Belle.
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2018 Standard Candles, ee→γγ, ee(γ), ττ (γ)
 Phase 2 run, April-July 2018
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Lpeak = 5.5 x 1033/cm2/s 
PEP-II design luminosity 3 x 1033 

Integrated luminosity ~ 500/pb 
Measured with ee→ ee(γ), γγ

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
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Fig. 1. Comparisons of the distributions of Bhabha candidates between the data and MC samples. Each plot in the
figure is related to one requirement in the selection criteria and is drawn with all other requirements applied.

4 Event selection177

To select Bhabha and Digamma events, the ECL clus-178

ters of the largest and second-largest energies in the CM179

frame are picked out in each event. Since in ECL the180

electrons of Bhabha events and the photons of Digamma181

events tend to deposite large energies mostly approach-182

ing the beam energies, the energies of the two clusters183

in the CM frame are required to be greater than 2 GeV184

and less than 5.82 GeV. To guarantee the two clusters185

are reconstructed in the good barrel part of ECL, their186

polar angles in the laboratory frame are required to be187

greater than 37.8� and less than 120.5�. Considering the188

back-to-back feature of Bhabha events and the deflection189

e↵ect of electrons due to the magnetic field, the acolin-190

ear angle in the azimuthal angle dimension is required to191

be larger than 2.5� and less than 13� to select Bhabha192

events. Because only the back-to-back feature exists for193

Digamma events, the acolinear angle in the azimuthal194

angle dimension is required to be less than 2.5� to select195

Digamma events. Obviously, the requirements on the196

acolinear angle in the azimuthal angle dimension are not197

able to distinguish Bhabha and Digamma events com-198

pletely. Hence, we refer to the measurement performed199

by mainly selecting Bhabha events as Bhabha dominated200

measurement, and refer to the measurement performed201

by mainly selecting Digamma events as Digamma domi-202

nated measurement.203

The selection criteria in the two mesurements are204

summarized with formulae as follows. The common re-205

xxxxxx-3

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

Belle II 2018 (Preliminary)
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2019 & Early Phase 3
• First 2019 target is (up to) order(10) fb-1 measurements,  
→  100 fb-1 by Dec 

• Publication prospects for dark sector searches. 

• Performance studies (particularly VXD) with heavy flavour 
channels; Rediscovery of TDCPV,lifetime measurement precision. 

• Most new heavy flavour publications likely to start with 2020 data set
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Belle, Phys.Rev.Lett.
86:2509-2514,2001

b→c cbar s, 
10 fb-1
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Example Milestones (B-physics oriented)
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[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). 

• Expect ongoing publication output from >500 fb-1 
on heavy flavour - precision milestone points are 
shown.



• Vector portal 

• Axion portal 

• Scalar portal

Belle II Phillip URQUIJO

Dark Sector, rates & trigger

• Trigger: O(10 nb) acceptance / suppress QED events, B & D > 99% efficiency

 13

Signal and Background: After cuts.

7

Release-00-08-00 
Phase2 geometry 
Phase 2 beam backgrounds

90° ECL gap

3γ in ECL BWD gap  
and KLM BWD gap

2γ in Endcap gap

Preselection (reconstructed):
ECL-N1 (gamma) clusters CMS energy sorted: G0, G1 
33° < Theta0Lab < 127° 
E0CMS dependent cut on Theta0Lab for low E0CMS  
E1CMS < 0.1 GeV*
All Tracks pt < 0.2 GeV 
No KLM cluster back to back to G0 
No KLM clusters in KLM veto regions (various gaps)*  
*Needed after using new MC14 Phase2 background.

ε = (30-40) %

Introduction.
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Dark Photon Axion

Single photon signature from dark photon.

Axion-like particleDark Photon

Searching for Dark Matter and Forces @ Belle/Belle IISearching for Dark Matter and Forces @ Belle/Belle II

Search for events with missing 
energy, particle disappearance, 
dark forces, single/multi-photon 
final state events, etc.

● Vector portal

● Axion portal 

● Scalar portal

● Neutrino portal

● More ...

ϵFY
μ ν
F 'μν (dark photon A ') ,∑

l

θ g ' l̄ γμ
Z 'μ l (dark Z ')

Gagg

4
aGμ ν

~
G

μ ν+
Ga γγ

4
a Fμν

~
F

μν (axion ,alps)

λ H 2S2+μ H 2S (dark Higgs )

k (HL)N (sterile neutrinos )

“Hidden sector” models

 Les Rencontres de Physique de la Vallée d'Aoste La Thuile 10-16/02/2019  Gianluca Inguglia

6
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Dark Sector, expected sensitivity

 14

Ready for the dark sector early 2019

ee→µµγ 
Single Photon Lines

e+e- → γ X 
e+e- → γ ALP (→γγ) 
e+e- → γ A’ (dark photon) 
Dark Z’, Magn. Monopoles

]2 [GeV/cχm
3−10 2−10 1−10 1

4 )
A'

/m χ
 (m

D
α 2 ε

y 
= 

17−10

15−10

13−10

11−10

9−10

7−10

5−10
4−10

BaBar
NA64

E137

LSND

LEP

Pseudo-Dirac Fermion Relic Target

Scalar Relic Target
   Belle II (Phase 3)
Belle II (Phase 2)

   LDMX2@8GeV
LDMX1@4GeV

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

60/87

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

MC11 Introduction.
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transitions.
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Time dependent CP Violation / Overview
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

 15

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 pollutionarXiv: 1808.10567
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Time dependent CP Violation / Performance

 16

J-F Krohn, PU (Belle II), submitted 
to NIMA, arXiv:1901.11198

J/ 

µ
+

µ
�

B
0 decay vertex

J/ decay vertex

(a)

B
0

J/ 
K

0
S

µ
�
µ

+

⇡
�

⇡
+

IP

(b)

Figure 1: a) Depiction of a J/ ! µ+µ�
decay. The red lines show the track helix ap-

proximations obtained from the tracking detectors, the blue dashed lines show the decaying

particle momentum vectors found by the fit. Since the decay length of the J/ is too short

to be seen in the detector, its decay vertex is taken to be the one of the B0
. b) Depiction of a

B0 ! J/ (! µ+µ�
)K0

S(! ⇡+⇡�
) decay. Measured track helices do not necessarily overlap

in three dimensions. The depicted length ratios are not to scale.

B
0

J/ K
0
S

µ
�

µ
+

�

�

�

�

Interaction point

⇡
0

⇡
0

Figure 2: Depiction of a the decay B0 ! K0
SJ/ . The red lines show the track helix approxi-

mations obtained by the tracking detectors, the blue dashed lines show the composite particle

momentum vectors found by the fit. The dashed black lines depict the photon momenta found

by the fit. Note that these can only be extrapolated by the fit as the directional information

of the calorimeter is not su�cient. The initial guess is that they point from the interaction

point towards the calorimeter cluster. The decay lengths of the J/ and ⇡0
are too short to

be seen in the detector therefore the vertex positions are taken from the particle above them

in the hierarchy.
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Fig. 16: Results of the FBDT combiner using a) Belle II MC and b) Belle MC. Left: Dis-

tributions of the output q · r. Right: Correlations between the dilution rMC = 1 � 2wMC

taken from MC truth and the mean absolute value of the combiner output r = |q · r| in each

r-bin. The errors on both axes are not visible due to their small size. The red diagonal line

is a guideline and the vertical grey lines correspond to the limits of the r-bins.

The test with Belle collision data is performed on a set of B
0
B

0 pairs, where the same588

decay channel B
0

sig
! J/ [! µ

+
µ
�] K0

S
[! ⇡

+
⇡
�] is reconstructed on the signal side. The589

signal selection is performed following previous Belle analyses [14] using the full Belle data590

sample which corresponds to 711 fb�1. The obtained signal yield is 8508 events.591

The distributions of the thirteen combiner input values, which are derived from the outputs,592

ycat, of the individual categories, are presented in Fig. 15. The large peaks at zero are due593

to cases where the target provides no flavour information. In general, a value close to zero594

indicates that the probability of finding a certain flavour-specific signature within the B
0
tag595

final state is very low. A value closer to ±1 indicates a more reliable flavour tag.596

The output y = q · r, which corresponds to the product of tagged flavour q and the dilution597

factor r, can be found in Fig. 16 (left) for the FBDT combiner on MC. Figure 16 (right) also598

shows a linearity check between the true dilution rMC determined using MC information599

and the mean hri of the dilution provided by the combiners. The dilution determined using600

MC information corresponds to rMC = 1 � 2wMC, where the wrong tag fraction wMC is601

determined by comparing the MC truth with the combiner output, i.e. an event is wrongly602

tagged if qMC 6= q = sgn(q · r). The mean dilution hri of the combiner output is simply the603

mean of |q · r| for each r-bin. Figure 16 (right) shows the results of the linearity check for604

events where Btag is a B
0, for events where Btag is a B

0, and in average.605

The results using Belle data and Belle MC are shown together in Figure 17 by superim-606

posing the normalised q · r output distributions. Within the uncertainties, the shapes of the607

normalised q · r distributions for Belle data and Belle MC show good agreement.608

26/33

a) Belle II MC

�1.0 �0.5 0 0.5 1.0
(q · r)FBDT

0

20000

40000

60000
N

um
b
er

of
E

ve
nt

s
/

(0
.0

2
)

Both

B̄0

B0

b) Belle MC

Fig. 16: Results of the FBDT combiner using a) Belle II MC and b) Belle MC. Left: Dis-

tributions of the output q · r. Right: Correlations between the dilution rMC = 1 � 2wMC

taken from MC truth and the mean absolute value of the combiner output r = |q · r| in each

r-bin. The errors on both axes are not visible due to their small size. The red diagonal line

is a guideline and the vertical grey lines correspond to the limits of the r-bins.

The test with Belle collision data is performed on a set of B
0
B

0 pairs, where the same588

decay channel B
0

sig
! J/ [! µ

+
µ
�] K0

S
[! ⇡

+
⇡
�] is reconstructed on the signal side. The589

signal selection is performed following previous Belle analyses [14] using the full Belle data590

sample which corresponds to 711 fb�1. The obtained signal yield is 8508 events.591

The distributions of the thirteen combiner input values, which are derived from the outputs,592

ycat, of the individual categories, are presented in Fig. 15. The large peaks at zero are due593

to cases where the target provides no flavour information. In general, a value close to zero594

indicates that the probability of finding a certain flavour-specific signature within the B
0
tag595

final state is very low. A value closer to ±1 indicates a more reliable flavour tag.596

The output y = q · r, which corresponds to the product of tagged flavour q and the dilution597

factor r, can be found in Fig. 16 (left) for the FBDT combiner on MC. Figure 16 (right) also598

shows a linearity check between the true dilution rMC determined using MC information599

and the mean hri of the dilution provided by the combiners. The dilution determined using600

MC information corresponds to rMC = 1 � 2wMC, where the wrong tag fraction wMC is601

determined by comparing the MC truth with the combiner output, i.e. an event is wrongly602

tagged if qMC 6= q = sgn(q · r). The mean dilution hri of the combiner output is simply the603

mean of |q · r| for each r-bin. Figure 16 (right) shows the results of the linearity check for604

events where Btag is a B
0, for events where Btag is a B

0, and in average.605

The results using Belle data and Belle MC are shown together in Figure 17 by superim-606

posing the normalised q · r output distributions. Within the uncertainties, the shapes of the607

normalised q · r distributions for Belle data and Belle MC show good agreement.608
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arXiv: 1808.10567, 
accepted to PTEP

Vladimir Chekelian   TDCPV  18.03.2019 7

Measurement of CP violating parameters

MPI concept of the TD fit

- due to boost of Y(4S) one can measure distance between decays of Bsig and Btag and calculate dt=B0sig-B0tag
- CP violation and mixing parameters and tau of B0 are determined in the fit of dt distribution: 

℘"#$ ∆&' =
)*+ − ∆&'

-
4- [1 + 2 3 45" ∆6 ∆&' + 7 "#8 ∆6 ∆&' ]

From PhD F.Abudinen

• Δt resolution ~0.77 ps  
(30% to a factor 2 better compared to Belle);  

• PXD + nano-beam spot in Belle II. 

• Optimised fitters for neutrals,  
+30% KS accept. 

• Effective flavour tagging efficiency ~36%  
(F-BDT, MC estimate, was 30% at Belle)

Up to now, w and " have been considered to be equal for q = +1(�1). However, a slight371

di↵erence can arise as a result of a charge-asymmetric detector performance. To take this372

e↵ect into account, one redefines373

" =
"B0 + "B0

2
, w =

wB0 + wB0

2
, (21)

and introduces the di↵erences374

�" = "B0 � "B0 , �w = wB0 � wB0 , (22)

where the index corresponds to the true flavour, e.g. wB0 is the fraction of true B
0 mesons375

that were wrongly classified as B
0.376

1.5.2. Tagging Categories. The flavour tagger is based on flavour-specific decay modes377

with relatively high branching fractions ( >⇠ 2 %). Each decay mode exhibits a particular378

decay topology and provides a flavour-specific signature. Some additional signatures are379

obtained by combining similar or complementary decay modes. Within a so-called category,380

a particular flavour signature is considered separately. The current flavour tagger is based381

on 13 categories which are presented in Table 2.

Table 2: Tagging categories and their targets (left) with some characteristic examples of the

considered decay modes (right). “P⇤” stands for momentum in the centre-of-mass frame and

l
± for charged leptons (µ or e).

Categories Targets for B
0

Electron e
�

Intermediate Electron e
+

Muon µ
�

Intermediate Muon µ
+

Kinetic Lepton l
�

Intermediate Kinetic Lepton l
+

Kaon K
�

Kaon-Pion K
�, ⇡

+

Slow Pion ⇡
+

Maximum P⇤
l
�, ⇡

�

Fast-Slow-Correlated (FSC) l
�, ⇡

+

Fast Hadron ⇡
�, K

�

Lambda ⇤

Underlying decay modes

B
0

D
⇤+

⌫` `
�

D
0

⇡
+

X K
�

B
0

D
+

⇡
� (K�)

K
0 ⌫̀ `

+

B
0

⇤
+
c X

�

⇤ ⇡
+

p ⇡
�

382

The decay modes are characterised by flavour-specific final state particles. These particles383

are treated as targets since their charges are correlated with the flavour of Btag. In order to384

extract these flavour-specific signatures, the targets have to be identified among all available385

particle candidates. To accomplish this task, discriminating variables are calculated for each386

particle candidate. An overview of the discriminating variables for each category is presented387

in Table 3.388
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Hadronic D and B reconstruction in phase 2

 17

D0→ KS π0 D0→ K- π+

• Recreating CLEO 
& ARGUS 

• > 200 B 
candidates in 
hadronic 
modes (470/pb)

  Mbc = (Ecm / 2)2 − p2
recon

  ΔE = Ecm / 2− Erecon

• Illustrates capabilities 
of Belle II and potential 
for c and b physics. 

• CP Eigenstate D0→KS π0 
difficult at LHCb!
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Hadronic D and B reconstruction in phase 2
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D0→ KS π0 D0→ K- π+

• Recreating CLEO 
& ARGUS 

• > 200 B 
candidates in 
hadronic 
modes (470/pb)

  Mbc = (Ecm / 2)2 − p2
recon

  ΔE = Ecm / 2− Erecon

• Illustrates capabilities 
of Belle II and potential 
for c and b physics. 

• CP Eigenstate D0→KS π0 
difficult at LHCb!
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Time dependent CP Violation / UT targets
• sin2Φ1 from B → cc K0 with the full dataset will be 

dominated by systematic uncertainties. 

• Balance stat-power with good vertex fitted events. 

• All others are stat limited through to 50 ab-1 

• Φ3 covered by K. Trabelsi

 18

t (ps)Δ
10− 5− 0 5 10

As
ym

m
et

ry

0.4−

0.2−

0

0.2

0.4
Belle II -1 L = 50 ab∫
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 KψJ/
     (S = 0.55)

S
' Kη

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

0
K

0
S

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

S
= 0.55 as inputs to the Monte Carlo.

With the full integrated luminosity of 50 ab�1 the two values would be unambiguously

distinguishable, signifying the existence of New Physics.

b ! cc̄s transitions, CKM unitarity permits the decay amplitudes to be written as 1
74

Af = �
s

c Tf + �
s

u Pf , �
q

i
⌘ V

⇤
ib
Viq . (7)

While Pf and Tf correspond at leading order to penguin and tree b ! cc̄s contributions,75

respectively (see also Fig. 2), for the sub-percent precision measurements of Sf anticipated76

by Belle II subleading corrections become important, and such a diagrammatic interpretation77

of these contributions is no longer possible.78

Since �su is doubly CKM-suppressed compared to �
s
c one has Āf/Af ' ⌘f�

s
c

⇤
/�

s
c, and79

therefore80

Sf ' �⌘f sin(�d) + O
�
�
s

u/�
s

c

�
, (8)

while the direct CP asymmetry Af ' 0. The time-dependent CP asymmetry in b ! ccs81

decays thus allows a theoretically clean extraction of �1, up to doubly CKM-suppressed82

corrections. The control of the latter constitutes the main challenge with available and83

future precision data.84

Despite this challenge, as we will show below, the determination of the B mixing phase85

�1 via b ! cc̄s transitions remains an excellent way to search for NP that gives additional86

contributions to meson mixing. The SM uncertainties need to be brought under control at87

the present level of experimental precision, and even more so with the precision aimed at88

with Belle II.89

1 Reparametrisation invariance permits the decay amplitude to always be expressed in terms of
�
s
u,c and matrix elements, Au,c, i.e. as Af = �

s
c Au + �

s
u Ac, even in the presence of an additional

NP contribution with an arbitrary weak phase [3–5]. However, in this case the interpretation of Au,c
as matrix elements of SM currents does not hold anymore, and symmetry relations are potentially
a↵ected.
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input parameters for the study of the Belle II sensitivity, the value of B⇡0⇡0 was adjusted to 1205

be 1.27 · 10�6. This adjustment, which is within one sigma of the measured value (S. Table 1206

21), ensures that the solutions of the isospin analyses of B ! ⇡⇡ and B ! ⇢⇢ correspond to 1207

the same true value of the �2. The �2 scan using current Belle measurements was performed 1208

without S00 constraints. The projections for Belle II were performed for both cases, without 1209

and with S00 constraints. For the former case, the estimated sensitivity is found to be about 1210

��2 ⇠ 1�. For the case with the S00 constraints, the analysis is performed with central values 1211

of S⇢0⇢0 and S⇡0⇡0 which are compatible in terms of �2 (S⇢0⇢0 = �0.14 and S⇡0⇡0 = 0.75). 1212

The improvement in the �2-precision at the one � level with the S00 constraints is about 1213

factor 2: from ��2 ⇠ 1� to ��2 ⇠ 0.6�. 1214
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Fig. 21: Scans of the confidence for �2 performing an isospin analysis of the B ! ⇢⇢ system

(left) and combining the isospin analyses of the B ! ⇡⇡ and the B ! ⇢⇢ systems (right).

The black solid lines show the results of the scans using data from measurements at current

precision (S. Tables 22 and 21). The blue shaded areas show the projections for Belle II. The

red long dashed lines show the results of the scans adding the S00 constraints: S⇢0⇢0 = �0.14

and S⇡0⇡0 = 0.75. The dotted horizontal lines correspond to one �.

�2 from B
0

! ⇢⇡. The measurement of �2 from a Dalitz plot analysis of B0
! ⇡

+
⇡
�
⇡
0 has 1215

been pioneered by Belle [78] and BaBar [77]. Both Collaborations succeeded in extracting 1216

meaningful information about �2, however BaBar performed some studies on the robustness 1217

of the extraction of �2 and discovered the existence of two secondary solutions on either side 1218

of the expected primary solution. These secondary solutions do not arise from ambiguities 1219

intrinsic on the method, but are rather artefacts that result from the limited statistics of 1220

the sample that was analysed and are expected to vanish with significantly larger datasets. 1221

This strongly motivates the repetition of the analysis at Belle II, with a data sample 1222

of at least a few ab�1. The dominant background will arise from random combinations of 1223

particles arising from continuum events and the model for the signal component will include 1224

the ⇢(770), ⇢(1450), and ⇢(1700) resonances. 1225

For the reasons explained above, and due to the di�culty of realistically simulating the full 1226

Dalitz plot analysis on the Monte Carlo, we do not provide any prediction of the sensitivity 1227

attainable by Belle II. 1228
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1.6. Conclusions 1382

We summarise in Table 27 the expected uncertainties to the S and A CP -violating param- 1383

eters in the channels sensitive to sin 2�1 discussed in this chapter. For the J/ K
0 mode, we 1384

provide the estimate, dominated by systematic uncertainties, for the full 50 ab�1 dataset. 1385

For the penguin dominated modes the estimates are based on an integrated luminosity of 5 1386

ab�1, for which we can safely assume that all the channels will still be dominated by the sta- 1387

tistical uncertainties and the assumptions on which the current studies are based are valid. 1388

In the 5th and the last columns of Table 27 we also report the present HFLAV WA errors 1389

on each of the observables. For most of the penguin dominated modes Belle II is projected 1390

to reduce the WA errors by a factor of 2 to 3 already with 5 ab�1. 1391

We projected the uncertainty on the determination of �2 considering the isospin analyses 1392

of B ! ⇡⇡ and B ! ⇢⇢. The B ! ⇢⇡ system, which is usually considered together with 1393

B ! ⇡⇡ and B ! ⇢⇢, was not taken into account due to the di�culty of realistically 1394

simulating the full Dalitz plot analysis of B0
! ⇡

+
⇡
�
⇡
0 in MC. The expected uncertainties 1395

on �2 extracted via isospin analysis of B ! ⇡⇡ and B ! ⇢⇢ and via combined isospin 1396

analysis of these two decay systems are summarized in Table 28. The projections of the 1397

experimental errors and the central values of previous measurements that enter the isospin 1398

analysis of B ! ⇡⇡ and B ! ⇢⇢ are presented in Tables 21 and 22, respectively. Additionally, 1399

we performed a feasibility study for the novel time-dependent CP analysis of the decay 1400

B ! ⇡
0
⇡
0. The uncertainty on the measurement of the time-dependent asymmetry S⇡0⇡0 is 1401

estimated to be �S⇡0⇡0 = ±0.28 ± 0.03. Consequently, the current 8-fold ambiguity in the 1402

determination of �2 performing the isospin analysis of B ! ⇡⇡ will be reduced by factor 4 1403

(see Fig. 19). It is also possible, that the values of �2 extracted from the isospin analysis 1404

including S⇡0⇡0 have a tension to the values expected within the SM (see Fig. 20). The 1405

sensitivity study of B ! ⇡
0
⇡
0 and the projections of previous measurements were performed 1406

for a total Belle II integrated luminosity of 50 ab�1. So far, we did not consider isospin 1407

breaking e↵ects on the projection of the sensitivity to �2. Possible ways to extract the size 1408

of the bias in �2 due to isospin breaking e↵ects were discussed in Sec. 1.4. At present, isospin 1409

breaking e↵ects can be only partially included. In principle, there are observables where the 1410

theoretical error is only of second order in isospin breaking and thus below the per-mill level. 1411

However, as discussed in [87], it will be impossible to measure them to the required level of 1412

accuracy. 1413

Table 28: Current world average error [2] and expected uncertainties on the determination

of �2 performing isospin analyses of the decay systems B ! ⇡⇡ and B ! ⇢⇢ together with

a combined isospin analysis of these two systems. For the current world average error, also

the decay system B ! ⇢⇡ was considered.

Channel ��2 [�]

Current world average +4.4
�4.0

B ! ⇡⇡ 2.0

B ! ⇢⇢ 0.7

B ! ⇡⇡ and B ! ⇢⇢ Combined 0.6
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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�
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Fig. 17.1.1. Illustration of semileptonic decay B� ! X`�⌫̄`.

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

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

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

starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GF
p

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

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

d� / G2
F |Vqb|

2
��LµhX|q̄�µPLb|Bi

��2 . (17.1.2)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

17.1.1.3 Experimental Techniques

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

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

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

! qq(�) with q = u, d, s, c.115

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

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

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

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

(Emiss,pmiss) = (E0,p0) � (
X

i

Ei,
X

i

pi), (17.1.3)

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

[Illustration by F. Tackmann]

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

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

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

III. Our Proposal and its Viability

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

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

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

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

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

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

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

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

starts from the electroweak e↵ective Hamiltonian,

He↵ =
4GF
p

2

X

q=u,c

Vqb (q̄�µPLb)(`�µPL⌫`) , (17.1.1)

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

d� / G2
F |Vqb|

2
��LµhX|q̄�µPLb|Bi

��2 . (17.1.2)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

17.1.1.3 Experimental Techniques

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

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

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

! qq(�) with q = u, d, s, c.115

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

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

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

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

(Emiss,pmiss) = (E0,p0) � (
X

i

Ei,
X

i

pi), (17.1.3)

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

[Illustration by F. Tackmann]

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

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

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

III. Our Proposal and its Viability

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

V. Summary
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! Encoded in Form Factors and need theory input for normalization.
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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.
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FIG. 7. Di�erential width of B ! D`⌫` and result of the combined fit to experimental and lattice QCD (FNAL/MILC and
HPQCD) data. The BGL series (Eq. (8)) is truncated after the cubic term. The points with error bars are Belle and LQCD
data (only results for f+ are shown on this plot). For Belle data, the uncertainties are represented by the vertical error bars
and the bin widths by the horizontal bars. The solid curve corresponds to the result of the fit. The shaded area around this
curve indicates the uncertainty in the coe�cients of the BGL series.

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

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

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

|Vcb| = (40.12 ± 1.34) ⇥ 10�3 (World average: (39.5 ± 0.8) ⇥ 10�3 )
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• Belle (II) analyses use semileptonic and hadronic 
“tagging” for flavour, charge, kinematics. 

• Signal fits based on Mmiss2 ,   cosθD*-l ,  calorimeter extra 
energy EECL/extra
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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

B− → D0(K−π+π0) −ν

B− → D∗0(D0(K−π+)π0) −ν

B− → D∗0(D0(K−π+)γ) −ν

B0 → D−(K+π−π−) +ν

B0 → D−(K+π−π−π−π+) +ν

B0 → D−(K+π−π−π0) +ν

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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T. Keck et al (Belle II), Comput 
Softw Big Sci (2019) 3: 6

Ongoing iterations on algorithms to 
improve efficiency - driven by more 
computationally efficient ways to 
add more hadronic modes.
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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,
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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.

Figure 4.1: Schematic representation of the quantities involved in the definition of the vari-
able cos ✓

B,D
(⇤)

`
.

where |p⇤
B| is

p
E

⇤
B � m

2

B. The quantities E
⇤
D

(⇤)
`
, p⇤

D
(⇤)

`
are calculated from the reconstructed708

D
(⇤)

` system. The cosine is a powerful discriminator since events where only one neutrino709

is missing will lie in the region (�1, 1), while the background does not have this restriction710

and populates a much wider region. The quantities involved in the definition of this variable711

are shown in Figure 4.1. Another variable that can be used in the case of semileptonic decay712

is the squared missing mass m
2

miss713

m
2

miss = p
2

miss =
h
p⌥(4S) � pBtag

� p
D

(⇤) � p`

i2

, (4.4)

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

neutrino this variable peaks at zero, while signal events that include a ⌧ ! `⌫⌫ decay716

have a broad distribution that peaks above zero, and can used for background suppression.717

Lastly, a third type of tagging method, which yields a higher signal e�ciency, is the inclusive718

Btag reconstruction, where the procedure is first to reconstruct the signal side and then,719

as a second step, the Btag is inclusively reconstructed from all remaining particles, passing720

certain selection criteria, without however checking for consistency with any specific B-meson721

decays. The B-meson candidate reconstructed through this procedure is then checked for722

consistency with a B-meson decay using variables like Mbc and �E, together with a check723

for the consistency of the full event.724

4.2.2 B-tag Reconstruction725

The Btag that accompanies the Bsig is reconstructed through the Full Event Interpretation726

(FEI) algorithm [35], which has been developed in the software framework of the Belle II727

experiment. Using a BDT classifier, the algorithm is trained on simulated data to recognize728

the properties of correctly reconstructed particles, and reconstructs B-mesons candidates in a729
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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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Semileptonic and leptonic B decays / Targets
• History of anomalies - key to identify bias. 

• KL reconstruction, beam background 
mitigation for ΣEECL, B→D** l ν 
background, tag calibration. 

• |Vxb| covered by W. Sutcliffe
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Table 3: Expected errors on several selected observables in leptonic and semileptonic B

decays.

Observables Belle Belle II

(2017) 5 ab�1 50 ab�1

|Vcb| incl. 42.2 · 10�3
· (1± 1.8%) 1.2% �

|Vcb| excl. 39.0 · 10�3
· (1± 3.0%ex. ± 1.4%th.) 1.8% 1.4%

|Vub| incl. 4.47 · 10�3
· (1± 6.0%ex. ± 2.5%th.) 3.4% 3.0%

|Vub| excl. (WA) 3.65 · 10�3
· (1± 2.5%ex. ± 3.0%th.) 2.4% 1.2%

B(B ! ⌧⌫) [10�6] 91 · (1± 24%) 9% 4%

B(B ! µ⌫) [10�6] < 1.7 20% 7%

R(B ! D⌧⌫) (Had. tag) 0.374 · (1± 16.5%) 6% 3%

R(B ! D⇤⌧⌫) (Had. tag) 0.296 · (1± 7.4%) 3% 2%

should be accessible with the Belle II data set, improved particle identification detectors 303

will be used for precision studies of b ! d� transitions, inclusive transitions will be studied 304

through various techniques, and lepton flavour universality violation will be studied thanks 305

to the low radiation length in the tracking volume allowing for precise reconstruction of 306

electrons, muons and tau leptons. 307

Time dependent CP violation in B decays. The prospects for time-dependent CP vio- 308

lation of B mesons and the determination of the CKM angles �1 and �2 are presented in 309

this chapter, summarised in Tables 7 and 8. Sensitivity studies based on Belle II simulation 310

for �1 measurement with the penguin dominated modes, B ! �K0

S , ⌘
0K0

S , ⇡
0K0

S , are per- 311

formed. The theoretical progress on the penguin pollution for high precision measurement of 312

�1 with the tree level processes is discussed. A Belle II sensitivity study on the challenging 313

B ! ⇡0⇡0 time-dependent CP asymmetry measurement for �2 determination is performed. 314

The subsequent �2 measurement will rely on isospin relations: theoretical estimates of the 315

isospin breaking e↵ects on the �2 determination are reviewed. 316

Measurement of the UT angle �3. The prospects for measuring the CKM UT angle �3 317

with tree-level measurements of B ! D(⇤)K(⇤) decays are presented in this chapter, sum- 318

marised in Tables 9 and 10. It is expected that Belle II will ultimately reach a precision of 319

1 to 2 degrees on this angle through use of a variety of channels and extraction techniques. 320
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Electromagnetic calorimeter reconstruction in Belle II (Torben Ferber) �13

Offline reconstruction
 For the case of the large pile-up noise the Belle algorithm for cluster reconstruction is not optimal

Belle 1: sum of the E
i
 in 5x5 matrix E

i
>0.5 MeV

Other approach: Sum of N most energetic hits, N depends on energy and background

Cluster reconstruction

To get the photon energy: cluster energy is corrected by function depending on E, angles 

and the background level

Background level is estimated from multiplicity off time events
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Fig. 16: Photon energy resolution as function of true photon energy for FWD endcap (a),

barrel (b), and BWD endcap (c). Note the di↵erent y–axis ranges of the plots. A smooth

curve has been fitted to the points to guide the eye. An older implementation of ECL

reconstruction (used in MC5) is also plotted in (b).

the cost of requiring analysis specific optimisation. The uncertainty on the selection e�ciency

cannot be pre-determined using this method.

The likelihood selectors rely on likelihood ratios constructed in the following way. First,

the PID log likelihoods from each detector are summed to create a combined PID likelihood

for each of six long-lived charged particle hypotheses: electron, muon, pion, kaon, proton

and deuteron. Next, the di↵erence in log likelihood between two particle hypotheses is used

to construct a PID value L(↵ : �) according to

L(↵ : �) =
1

1 + eln L↵�ln L�

=

Q
det L(↵)Q

det L↵ +
Q

det L�
, (5)

where ↵ and � represent two di↵erent particle types and the product is over the active

detectors for the PID type of interest. The value L(↵ : �) is greater than 0.5 for a charged

track that more closely resembles a particle of type ↵ than one of type � and is less than

0.5 otherwise. More details on the PID types are given in the following sections.

The performance plots included in this section were generated from inclusive samples

of 106 cc̄ events generated during the fifth and sixth MC campaigns. These samples

were reconstructed with release-00-05-03 and release-00-07-00 of the Belle II software,

respectively.

68/689

Belle algorithm

arXiv:1808.10567 [hep-ex]

Belle II Simulation
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CKM Global Fit Projection: Belle II
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2 Global analyses
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Fig. 12: UT fit today (top) and extrapolated to the 50 ab�1 scenario for an SM-like scenario

(left) and world average values (right).

present data [238–242] and the SM predictions, it would be deserved to examine new physics 1049

scenarios that a↵ect (semi-)tauonic B meson decays, which are measurable at Belle II. 1050

In the presence of all possible new physics in the process b ! q⌧⌫, the e↵ective Lagrangian 1051

can be described by 1052

�Le↵ = 2
p

2GFVqb

h
(�⌫⌧ ,⌫` + C(q,⌫`)

V1
)O(q,⌫`)

V1
+

V2,S1,S2,TX

X=

C(q,⌫`)
X O(q,⌫`)

X

i
, (55)
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Fig. 12: UT fit today (top) and extrapolated to the 50 ab�1 scenario for an SM-like scenario

(left) and world average values (right).

present data [238–242] and the SM predictions, it would be deserved to examine new physics 1049

scenarios that a↵ect (semi-)tauonic B meson decays, which are measurable at Belle II. 1050

In the presence of all possible new physics in the process b ! q⌧⌫, the e↵ective Lagrangian 1051
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Fig. 16: Results of the fit to NP in mixing, for current constraints (left) and year 2025

constraints (right).

ρ
-1 -0.5 0 0.5 1

η

-1

-0.5

0

0.5

1
γ

β

α

smΔ
dmΔ dmΔ

Kε

cbV
ubV

)ντ→BR(B

summer16

ρ
1− 0.5− 0 0.5 1

η

1−

0.5−

0

0.5

1
γ

β

α

smΔ
dmΔ dmΔ

Kε

cbV
ubV

ρ
1− 0.5− 0 0.5 1

η

1−

0.5−

0

0.5

1
γ

β

α

smΔ
dmΔ dmΔ

Kε

cbV
ubV

Fig. 17: SM UTA today (left) and extrapolated to the 5 ab�1 (centre) and 50 ab�1 (right)

scenarios.

for q = u and c, where the four-Fermi operators OX are written as

O(q,⌫`)
V1

= (q̄�µPLb)(⌧̄ �µPL⌫`) , (52)

O(q,⌫`)
V2

= (q̄�µPRb)(⌧̄ �µPL⌫`) , (53)

O(q,⌫`)
S1

= (q̄PRb)(⌧̄PL⌫`) , (54)

O(q,⌫`)
S2

= (q̄PLb)(⌧̄PL⌫`) , (55)

O(q,⌫`)
T = (q̄�µ⌫PLb)(⌧̄�µ⌫PL⌫`) , (56)

and CX denotes the Wilson coe�cient of OX normalised by 2
p

2GFVqb. The SM contribution 1188

is presented as �⌫⌧ ,⌫` in Eq. (51). The superscript (q, ⌫`) specifies the flavours of the quark 1189

q and the neutrino ⌫` in b ! q⌧⌫`; O(c,⌫`)
X contributes to B̄ ! D(⇤)⌧ ⌫̄, whereas O(u,⌫`)

X to 1190

B̄ ! ⇡⌧ ⌫̄ and B̄ ! ⌧ ⌫̄. Note that it is not necessary that the neutrino flavour is the same as 1191
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Radiative and EW penguin B decays / Overview
• Several tensions at the 2-3 σ level: Statistics limited at Belle II.  

• Belle II dominant measurements  

• TD CPV in radiative Bd→ ρ γ, K* γ 

• Inclusive spectra in B→X l+ l- (initially sum over exclusives  
with MXs ︎ < 1.8 GeV, eventually: explore fully inclusive recoil). 

• Electron (low X/X0) & τ channels 

• SM level (5 σ)in B→Xνν

 23January 5th 2017 A. Gaz 15

Electroweak Penguins
● Attempts to fit all the different anomalies in electroweak penguin 

dominated B decays have been made;

● Many observables are analyzed and NP contributions to the Wilson 
coefficients are studied;

● Negative C
9
NP seems a good 

candidate;

● If this is confirmed, Belle II will 
have the potential to discover 
New Physics with >5s 
significance.

e.g. J. Virto at CKM2016

22

Any right-handed currents from NP?
TCPV: P(∆t) = e−|∆t|/τ

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

S
vertex and tag-B vertex)

γL

bR

sL

helicity flip
∝ mb ~ 4.8 GeV

γR

bL

sR

helicity flip∝ m
s ~ 0.1 GeV

γR γL

sR

bL bR

sL

Do not interfere
for CPV

Interfere
for CPV

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

(otherwise ∼ sin 2φ1)

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

[BaBar PRD78,071102(2008), 467M]M(Kπ) in [0.8,1.0] GeV

 t (ps)∆
-6 -4 -2 0 2 4 6

 t (ps)∆
-6 -4 -2 0 2 4 6

t [ps]∆
-6 -4 -2 0 2 4 6

A
sy

m
m

et
ry

-1

0

1

t [ps]∆
-6 -4 -2 0 2 4 6

A
sy

m
m

et
ry

-1

0

1

]2) [GeV/c0π
S

m(K
1 1.5

2
W

ei
gh

te
d 

Ev
en

ts
 p

er
 5

0 
M

eV
/c

0

50

100

150

200

]2) [GeV/c0π
S

m(K
1 1.5

2
W

ei
gh

te
d 

Ev
en

ts
 p

er
 5

0 
M

eV
/c

0

50

100

150

200

M(Kπ) in [1.1,1.8] GeV

 t (ps)∆
-6 -4 -2 0 2 4 6

 t (ps)∆
-6 -4 -2 0 2 4 6

t [ps]∆
-6 -4 -2 0 2 4 6

A
sy

m
m

et
ry

-1

0

1

t [ps]∆
-6 -4 -2 0 2 4 6

A
sy

m
m

et
ry

-1

0

1

SK∗γ = −0.03 ± 0.29 ± 0.03
CK∗γ = −0.14 ± 0.16 ± 0.03

SK0
S
π0 = −0.78 ± 0.59 ± 0.09
CK0

S
π0 = −0.36 ± 0.33 ± 0.04R

ev
ie
w

o
f
R
ad

ia
ti
v
e
P
en

g
u
in

M
ea
su

re
m
en

ts
—

M
.N

ak
ao

—
p
.8

$$Driving$questions$for$Belle$II$(2)

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

0�

In SM, one naively expects:

SK0
S⇡0� = �2

ms

mb
sin 2�1 ⇠ �0.03

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

SK0
S⇡0� ⇠ 0.5

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

0�

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/??
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Radiative and EW penguin B decays / Belle RK*

 24

7

TABLE I. Systematic uncertainties on RK⇤ for di↵erent q2 regions.

q2 in GeV2/c4 e, µ e↵. MC size Classifier Sig. shape Tracking Peaking bkg. Charmonia bkg. Total
All modes
[0.045, None] 0.061 0.004 0.013 0.008 0.016 0.031 0.023 0.075
[0.1, 8] 0.058 0.005 0.029 0.002 0.016 0.054 0.051 0.100
[15, 19] 0.090 0.012 0.012 0.014 0.020 0.003 0.003 0.095
[0.045, 1.1] 0.027 0.006 0.008 0.025 0.009 0.026 0.001 0.047
[1.1, 6] 0.065 0.008 0.048 0.033 0.017 0.070 0.013 0.114
B0 modes
[0.045, None] 0.073 0.006 0.030 0.018 0.022 0.031 0.021 0.092
[0.1, 8] 0.058 0.006 0.040 0.019 0.017 0.033 0.018 0.084
[15, 19] 0.091 0.013 0.007 0.012 0.022 0.007 0.001 0.096
[0.045, 1.1] 0.024 0.007 0.044 0.005 0.009 0.049 0.001 0.071
[1.1, 6] 0.082 0.010 0.040 0.062 0.021 0.070 0.012 0.133
B+ modes
[0.045, None] 0.044 0.005 0.032 0.018 0.010 0.025 0.023 0.068
[0.1, 8] 0.060 0.010 0.039 0.040 0.014 0.048 0.107 0.144
[15, 19] 0.089 0.028 0.016 0.041 0.021 0.008 0.002 0.106
[0.045, 1.1] 0.033 0.013 0.067 0.060 0.009 0.006 0.000 0.097
[1.1, 6] 0.045 0.010 0.137 0.060 0.011 0.086 0.009 0.179

(a) (b)

(c)

FIG. 2. Results for RK⇤ compared to SM predictions from Refs. [21, 22]. The separate vertical error bars indicate the statistical
and total uncertainty.

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].B→ K(∗)µµ and B→ K(∗)ee at Belle
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B→ K∗ee, 127 ± 15

• Fit to beam constrained mass distribution,

Mbc =

√

E2
beam
− |p⃗B|2.

• Similar quality for K∗µµ and K∗ee reconstruction: reduced
systematics for RK∗ .

PRL118, 111801 (2017).
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B→ K(∗)µµ and B→ K(∗)ee at Belle
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• Fit to beam constrained mass distribution,

Mbc =

√

E2
beam
− |p⃗B|2.

• Similar quality for K∗µµ and K∗ee reconstruction: reduced
systematics for RK∗ .

PRL118, 111801 (2017).
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Radiative and EW penguin B decays / Performance
• b→d γ transitions are a key opportunity, 

requiring better K/π Particle ID performance 
than Belle. 

Central Drift Chamber dE/dx & Time of 
propagation Cherenkov patterns - 2018 data

 25
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Belle II TOP 2018 (Preliminary) Experiment 3, run 1889, event 72284

D� kinematically tagged kaon

slot ID = 15
p = 1.73 GeV/c
✓IP = 94.1�

�IP = -50.0�

x = 15.5 cm
z = -69.1 cm
✓dip = 85.6�

�dip = -21.5�

Prism side Mirror sideIP projection

1.0 GeV/c
2.0 GeV/c
3.0 GeV/c
4.0 GeV/c

FIG. 9: x � t plot, expected PDFs and impact point diagram of a kaon candidate tagged by a D?

decay.

Upper row: x � t plot superimposed to expected pattern in the pion (left, red), kaon (left, blue)
and proton (right, green) hypothesis. Each plot reports the corresponding log-likelihood value.

Bottom row: Sketch of the impact point and direction on the TOP bar. The coordinate system is

the one of the bar itself: with respect to the detector frame, z is unchanged, x runs along � and y is

the radial direction. The diagram shows the bar as seen from the IP. The impact point of the track

is marked by a colored spot, whose size and color is proportional to the track’s momentum. The

short line pointing to the impact point represents the direction of the incoming particle, projected

on the bar surface: it’s orientation represent the actual orientation of the track on the x� y plane,

while its length is proportional to the cosine of the dip angle (i.e. the angle at which the track

enters the bar). Shorter lines are associated to dip angles closer to 90
�
, i.e. to track that are

entering the bar perpendicularly to its surface.

The parameters reported on the right side of the impact point diagram are, in order: slot ID

(1-16), the track momentum p, the polar angle ✓IP and azimuthal angle �IP calculated at the IP,

the coordinates x and z of the impact point in the bar reference frame, the dip angle ✓dip, and the

azimuthal angle in the bar frame, respect to the z axis (�dip).

11

  D
*+ → D0π s

+ ;D0 → K −π +

Kinematically identified kaon from D*+ in TOP; 
x vs t pattern (mapping of Cherenkov ring)

pion PDF X Kaon PDF✓

Belle II CDC dE/dx

Particle	identification:	A	key	element	

q  Kaon	track	is	kinematically	tagged	
by	the	charge	of	πs	arising	from		
the	D*	decays�

q  Check	consistency	of	hit	pattern	
(x	vs.	t)	of	Cherenkov	photons�

Ø  PID	capability	
with	early	
calibration	&	
alignment�

9	

A TOP event 
2018 Preliminary

Bound states in QCD and beyond III | St. Goar, Germany | 9th - 12th April 2019M. Hoek 12

Results from Phase II – PID Performance

Λ → 𝑝𝑝𝜋𝜋−

Λ → 𝑝𝑝𝜋𝜋−

𝜙𝜙 → 𝐾𝐾+𝐾𝐾−
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Radiative and EW penguin B decays / Targets
• Except for B→Xs+d γ, all channels are highly statistics limited. 

• Expect systematics to be subdominant beyond 50 ab-1 

• Key to understand beam background induced efficiency loss and EECL 
degradation  in B→Kνν and to be unprejudiced to NP, i.e. ALPs/axiflavons

 26

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

(a) CNP

9

µµ
versus CNP

10

µµ
.

�2.0 �1.5 �1.0 �0.5 0.0 0.5
CNP µµ

9

�1.0

�0.5

0.0

0.5

1.0

C
N

P
ee

9

flavio v0.22.1

SM

1�

3�

5�

7�

LH
C
b

B
el
le

(I
I)

ex
cl
us

iv
e

B
elle

(II)
inclusive

(b) CNP

9

µµ
versus CNP

9

ee
.

(c) Re
�
CNP

7

�
versus Im

�
CNP

7

�
.

Fig. 22: In the two-dimensional scans of pairs of Wilson coe�cients, the current average (not

filled) as well as the extrapolations to future sensitivities (filled) of LHCb at milestones I,

II and III (exclusive) and Belle II at milestones I and II (inclusive and exclusive) are given

and are progressively overlaid. The central values of the extrapolations have been evaluated

in the NP scenarios listed in Table 18. The future projections at milestones I, II and III are

given by the filled contours The contours correspond to 1� uncertainty bands. The Standard

Model point (black dot) with the 1�, 3�, 5� and 7� exclusion contours with a combined

sensitivity of Belle II’s 50 ab�1 and LHCb’s 50 fb�1 datasets is indicated in light grey. The

primed operators show no tensions with respect to the SM; hence no SM exclusions are

provided.
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Figure 1: Two-dimensional constraints in the plane of NP contributions to the real parts of
the Wilson coe�cients C9 and C10 (left) or C9 and C

0
9 (right), assuming all other

Wilson coe�cients to be SM-like. For the constraints from the B ! K
⇤
µ
+
µ
� and

Bs ! �µ
+
µ
� angular observables from individual experiments as well as for the

constraints from branching ratio measurements of all experiments (“BR only”), we
show the 1� (��

2
⇡ 2.3) contours, while for the global fit (“all”), we show the 1, 2,

and 3� contours.

contours showing the constraints coming from the angular analyses of individual experiments,
as well as from branching ratio measurements of all experiments.

We observe that the individual constraints are all compatible with the global fit at the 1� or
2� level. While the CMS angular analysis shows good agreement with the SM expectations,
all other individual constraints show a deviation from the SM. In view of their precision,
the angular analysis and branching ratio measurements of LHCb still dominate the global fit
(cf. Figs. 5, 7, 6 and 8), leading to a similar allowed region as in previous analyses. We do not
find any significant preference for non-zero NP contributions in C10 or C

0
9 in these two simple

scenarios.
Similarly to our analysis of scenarios with NP in one Wilson coe�cient, we repeat the

fits doubling the form factor uncertainties and doubling the uncertainties of non-factorizable
corrections. For NP in C9 and C10, we find that the pull is reduced from 5.0� to 3.7� and 4.1�,
respectively. For NP in C9 and C

0
9 the pull is reduced from 5.3� to 4.1� and 4.4�, respectively.

The impact of the inflated uncertainties is also illustrated in Fig. 2. Doubling the hadronic
uncertainties is not su�cient to achieve agreement between data and SM predictions at the 3�

level.

3.3. New physics or hadronic e↵ects?

It is conceivable that hadronic e↵ects that are largely underestimated could mimic new physics
in the Wilson coe�cient C9 [24]. As first quantified in [60] and later considered in [23,25,26,33],

6
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Physics Motivation

Radiative and Electroweak Penguin WG


⇾ e.g. B → Xs/d ɣ, B → Xs/d !!

MoriondEW, Mar 19, 2016 Experimental Summary

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

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

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

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

Johannes Albrecht 

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

~ 5σ Tension

In 2015, the LHCb collaboration presented their B ! K
⇤
µ
+
µ
� angular analysis based on the

full Run 1 data set, confirming the tension found earlier [31]. Several updated global analyses
have confirmed that a consistent description of the tensions in terms of NP is possible [32–34],
while an explanation in terms of an unexpectedly large hadronic e↵ect cannot be excluded.
Recent analyses by Belle [35,36] also seem to indicate tensions in angular observables consistent
with LHCb. At Moriond Electroweak 2017, ATLAS [37] and CMS [38] finally presented their
preliminary results for the angular observables based on the full Run 1 data sets. The aim of the
present paper is to reconsider the status of the B ! K

⇤
µ
+
µ
� anomaly in view of these results.

Our analysis is built on our previous global analyses of NP in b ! s transitions [12, 32, 39, 40]
and makes use of the open source code flavio [41].

2. E↵ective Hamiltonian and observables

The e↵ective Hamiltonian for b ! s transitions can be written as

He↵ = �
4 GF
p

2
VtbV

⇤
ts

e
2

16⇡2

X

i

(CiOi + C
0
iO

0
i) + h.c. (1)

and we consider NP e↵ects in the following set of dimension-6 operators,

O9 = (s̄�µPLb)(¯̀�µ
`) , O

0
9 = (s̄�µPRb)(¯̀�µ

`) , (2)

O10 = (s̄�µPLb)(¯̀�µ
�5`) , O

0
10 = (s̄�µPRb)(¯̀�µ

�5`) . (3)

We neither consider new physics in scalar operators, as they are strongly constrained by
Bs ! µ

+
µ
� (see [42] for a recent analysis), nor in dipole operators, which are strongly con-

strained by inclusive and exclusive radiative decays (see [43] for a recent analysis). We also do
not consider new physics in four-quark operators, although an e↵ect in certain b ! cc̄s opera-
tors could potentially relax some of the tensions in B ! K

⇤
µ
+
µ
� angular observables [44].

In our numerical analysis, we include the following observables.

• Angular observables in B
0

! K
⇤0

µ
+
µ
� measured by CDF [45], LHCb [31], ATLAS* [37],

and CMS* [38,46,47],

• B
0,±

! K
⇤0,±

µ
+
µ
� branching ratios by LHCb* [15,48], CMS [46,47], and CDF [45],

• B
0,±

! K
0,±

µ
+
µ
� branching ratios by LHCb [15] and CDF [45],

• Bs ! �µ
+
µ
� branching ratio by LHCb* [16] and CDF [45],

• Bs ! �µ
+
µ
� angular observables by LHCb* [16],

• the branching ratio of the inclusive decay B ! Xsµ
+
µ
� measured by BaBar [49].

Items marked with an asterisk have been updated since our previous global fit [32]. Concerning
B

0
! K

⇤0
µ
+
µ
�, both LHCb and ATLAS have performed measurements of CP-averaged

angular observables Si as well as of the closely related “optimized” observables P
0
i . While

LHCb gives also the full correlation matrices and the choice of basis is thus irrelevant (up to
non-Gaussian e↵ects which are anyway impossible to take into account using publicly available
information), ATLAS does not give correlations, so the choice can make a di↵erence in principle.
We have chosen to use the P

0
i measurements, but have explicitly checked that the best-fit regions

and pulls do not change significantly when using the Si observables.
We do not include the following measurements.
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Fig. 22: In the two-dimensional scans of pairs of Wilson coe�cients, the current average (not

filled) as well as the extrapolations to future sensitivities (filled) of LHCb at milestones I,

II and III (exclusive) and Belle II at milestones I and II (inclusive and exclusive) are given

and are progressively overlaid. The central values of the extrapolations have been evaluated

in the NP scenarios listed in Table 18. The future projections at milestones I, II and III are

given by the filled contours The contours correspond to 1� uncertainty bands. The Standard

Model point (black dot) with the 1�, 3�, 5� and 7� exclusion contours with a combined

sensitivity of Belle II’s 50 ab�1 and LHCb’s 50 fb�1 datasets is indicated in light grey. The

primed operators show no tensions with respect to the SM; hence no SM exclusions are

provided.
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Belle II Physics Ultimate Precision, 50 ab-1
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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
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• The full physics data taking program has just commenced! 

• Beam background remediation the current (April 2019) focus.

• Charm covered by M Staric
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Upgrade 50 ab-1 → 250 ab-1 (Belle III?)

• Flavour physics has the potential to continue exploring new physics territory 
provided large enough samples are available. 

• Machine (SuperKEKB) upgrades are possible. 

• No concrete plan yet, just initial discussions. 

• Consider factor 5 increase in luminosity (peak and integrated). 

• Also considering possibility of polarisation. 

• Exploring upgrade possibilities for Belle II. 

• Commencing studies to understand detector limits and mitigation measures 

• Open upgrade effort (not just Belle II members). 

• Also open to new ideas from theory for new flavour measurements.
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B production

 30

B pairs produced at rest in the CM with no extra particles

Event Topology (fits to R2)  tells us we are seeing B’s

R2 = H2/H0

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

• Not so obvious: When we change 
accelerator optics, we remain on Y(4S).

Probably a Y(4S) event
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Leptonic and Semileptonic Decay
• 3-ways to measure |VCKM| with leptonic and semileptonic decays

 31

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|
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(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
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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
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does not apply to the radiative leptonic decay B+
! `+⌫`�. This feature is relevant for 117
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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
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1
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1.2.2. Semileptonic Decay to a Pseudoscalar Meson. The amplitudes for the semilep- 125

tonic decays B0
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! P 0`⌫` , at leading order in the electroweak interaction, 126
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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
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Beyond the SM, scalar and tensor currents can mediate these decays. Such contributions

to the decay amplitude entail the scalar and tensor form factors
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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+
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contain the hadronic factor 127
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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
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Γ(B → Xcℓν) =
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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Physics Motivation

R =
B(b ! q ⌧ ⌫̄⌧ )

B(b ! q ` ⌫̄`)
<latexit sha1_base64="cRr0hEXHruZ2jaqmxryNmetlx6M="></latexit>

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

Vqb

W
�

�

⌫̄

b

q

Vqb

W
�

�

⌫̄

b

q
u

u

* 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)

i2
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Table 4: Belle II Golden/Silver observables for the pure-leptonic and the semi-leptonic B

decays. Theory column indicates the robustness against the theory uncertainties. Discovery

column shows at which integrated luminosity a discovery of new physics is possible. Sys. limit

column indicates at which integrated luminosity the experimental or theoretical dominates.

The vs LHCb/BESIII, Belle columns show the originality and the competitiveness against

those experiments. Anomaly column indicates the existing hint of new physics at the time

of this report is completed and the NP column is to show whether the observable is sensitive

to a certain new physics models.

Proc
ess

Obse
rva

ble

Theo
ry

Sy
s. lim

it (D
isc

ove
ry)

[ab
�

1 ]

vs
LHCb

vs
Belle

Anom
aly

NP

• B ! ⇡`⌫l |Vub| ? ? ? 10-20 ? ? ? ? ? ? ?? ?• B ! Xu`⌫` |Vub| ?? 2-10 ? ? ? ?? ? ? ? ?• B ! ⌧⌫ Br. ? ? ? >50 (2) ? ? ? ? ? ? ? ? ? ?• B ! µ⌫ Br. ? ? ? >50 (5) ? ? ? ? ? ? ? ? ? ?• B ! D(⇤)`⌫` |Vcb| ? ? ? 1-10 ? ? ? ?? ?? ?• B ! Xc`⌫` |Vcb| ? ? ? 1-5 ? ? ? ?? ?? ??• B ! D(⇤)⌧⌫⌧ R(D(⇤)) ? ? ? 5-10 ?? ? ? ? ? ? ? ? ? ?• B ! D(⇤)⌧⌫⌧ P⌧ ? ? ? 15-20 ? ? ? ? ? ? ?? ? ? ?• B ! D⇤⇤`⌫` Br. ? - ?? ? ? ? ?? -

Time dependent CP violation in B decays. The prospects for time-dependent CP vio-

lation of B mesons and the determination of the CKM angles �1 and �2 are presented in

this chapter, summarised in Tables 7 and 8. Sensitivity studies based on Belle II simulation

for �1 measurement with the penguin dominated modes, B ! �KS , ⌘0KS , ⇡0KS , are per-

formed. The theoretical progress on the penguin pollution for high precision measurement of

�1 with the tree level processes is discussed. A Belle II sensitivity study on the challenging

B ! ⇡0⇡0 time-dependent CP asymmetry measurement for �2 determination is performed.

The subsequent �2 measurement will rely on isospin relations: theoretical estimates of the

isospin breaking e↵ects on the �2 determination are reviewed.

Measurement of the UT angle �3. The prospects for measuring the CKM UT angle

�3 with tree-level measurements of B ! D(⇤)K(⇤) decays are presented in this chapter,

summarised in Tables 9 and 10. It is expected that Belle II will ultimately reach a precision

of 1 to 2 degrees on this angle through use of a variety of channels and extraction techniques.

Hadronic B decays. This chapter presents at the prospects for charmless hadronic B

decays and direct CP violation, summarised in Tables 9 and 11. The theoretical computation

of the branching ratio and CP asymmetry of the B ! PP , PV , V V (P and V denote

pseudoscalar and vector mesons, respectively) processes using QCD and SU(3) symmetry
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b c

q q

⌫

`+

W+

b c

q q

⌫

`+

H+

b c

q q

⌫
`+

�

b

u

`+

⌫

W+

b

u

`+

⌫

H+

1

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]

d2�

dq2 d cos ✓`
= Cq|⌘EW|2

G2
F |Vqb|2

(2⇡)3
�1/2

8M3
B

�1/2
12

q2

✓
q2 � m2

1 � m2
2 � �12

q2
cos2 ✓

◆
�

q2
|f+|2+ (99)

+ ⇣12
(M2

B � M2
P )2

q2
|f0|2 ⌥ 2(m2

1 � m2
2)(M

2
B � M2

P )
�1/2

q2

�1/2
12

q2
cos ✓ < (f+f⇤

0 )

#
,

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

P � q2)2 � 4M2
BM2

P , (100)

cos ✓ = 4��1/2

✓
1 �

m2
`

q2

◆�1 ✓
pB · q p` · q

q2
� pB · p`

◆
, (101)

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
= Cq|⌘EW|2

G2
F |Vqb|2

(2⇡)3
�1/2

4M3
B

�1/2
12

q2

⇢
��12|f+|2 + ⇣12

(M2
B � M2

P )2

q2
|f0|2

�
, (102)

where

�12 = 1 � m2
1 + m2

2

q2
� �12

3q22 . (103)

22 This factor stems from the fact that a b ! u current produces only the ūu component of the ⇡0.
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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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Belle II will push many limits below 10-9

Example of the 
decay topology

Note vertical log-scale (50 ab-1 assumed for 
Belle II; 3 fb-1 result for LHCb
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FIG. 14: M3⇡± distribution after the exclusive 3-prong decay selections. Events in data are required
to fire CDC trigger bit 2. MC is rescaled to a luminosity of 291 pb�1 and reweighted according to
the trigger e�ciency measured in data.
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good agreement with the measurements from previous experiments (see Figure 19). The
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statistical uncertainty and the systematic uncertainty from the luminosity (6%).

We use an ECL trigger as a reference trigger for probing the CDC trigger e�ciency. The
particular reference trigger considered is bit 8. This requires the ECL energy to be above
1 GeV at L1, and vetos events if they also fire the Bhabha trigger (bit 15 ). We define the
trigger e�ciency as:

✏
trig
CDC =

fire trigger bit 8 and bit 2

fire trigger bit 8
, (3)

The measured CDC trigger e�ciency in data as a function of M3⇡± is shown in Figure 9.

Figure 10 compares the data/MC ratio in Figure 8 to the trigger e�ciency in Figure 9.
We observe that trigger ine�ciencies can largely account for the Data-MC discrepancies.

After reweighting MC by the measured trigger e�ciency in data, the resulting M3⇡±

distribution is shown in Figure 11 for inclusive 3-pring decays. The distribution for exclusive
3-prong decays is shown in Figure 12.

4. PSEUDOMASS DISTRIBUTION

Following the method developed by the ARGUS collaboration [1], the pseudomass Mmin

is obtained for each ⌧ ! 3⇡⌫ candidate, defined by

Mmin =
q
M2

3⇡ + 2(Ebeam � E3⇡)(E3⇡ � P3⇡), (4)

in which Ebeam is the energy of one of the beams in CMS and M3⇡, E3⇡, P3⇡ stand for the
invariant mass, the energy and the momentum of the hadronic system of the three pions in

9

FIG. 2: The distributions of the thrust value (left) and visible energy in CMS (right). All the
samples are scaled to the luminosity of the prod5 data.

The obvious di↵erence in shapes of the kinematic distributions allows to suppress the
background contaminations. The figure of merit (FOM),

FOM =
Sp

S +B
, (2)

is used for the optimization of requirements. Here, S is number of signal events, while
B is number of total background events normalised according to their relative branching
fractions. The distributions of the FOM for the thrust value and visible energy are shown
on Figure 3. The actual requirements are indicated as dash lines.

FIG. 3: The FOM distributions for thrust value (left) and visible energy in CMS (right). The dash
lines indicate the maximum value of FOM.

Further requirements are imposed on the CMS energy of the three hadron system and
tag track (see Figure 4). The selection requirements are once again obtained from the
distributions of FOM (see Figure 5). Each of these cuts is summarized in Table IV.

Finally, selections are applied to the number of photons in the event to account for
radiative production, as well as the potential presence of ⇡0. All events are required to have
at most five photons on the tag side, allowing for at most two ⇡

0 candidates with the rest
being radiated photons. Regarding the signal side, two selections are defined:
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New physics DNA
• What new physics could it be? 

• 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
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Table 148: A snapshot of the discovery potential of the selected new physics model for Belle

II observables: ⌧ decays. See caption of Table 145 for what the symbols stand for.
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⌧ tree decays:

B(⌧ ! K⌫)/B(⌧ ! ⇡⌫) ? ? ? ?? ⇥ ⇥ ⇥ ⇥ ⇥ ? ? ? ? 2 ??

B(⌧ ! K⇤⌫)/B(⌧ ! ⇢⌫) ? ? ? ⇥ ⇥ ⇥ ⇥ ⇥ ⇥ ? ? ? ? 2 ??

⌧ ! µ decays:

⌧ ! µ� ? ? ? ? ? ? ? ? ? ? ? ⇥ ? ? ? ? 2

⌧ ! µ⇡0 ? ? ? ? ?? ⇥ ? ? ? ⇥ ? ? ? ⇥ ? ? ? 2 2

⌧ ! µKS ? ? ? ? ? ⇥ ? ⇥ ? ⇥ ? ? ? 2 2

⌧ ! µ⇢0 ? ? ? ⇥ ?? ⇥ ? ? ? ⇥ ? ? ? ⇥ ? ? ? 2 2

⌧ ! µK0⇤ ? ? ? ⇥ ? ⇥ ? ⇥ ? ⇥ ? ? ? 2 2

⌧�
! µ�`�`+ ?? ?? ? ⇥ ? ? ? ? ? ? ? ? ? ⇥ ? ? ? ? 2

⌧�
! µ�µ�e+ ?? ? ⇥ ⇥ ? ? ? ? ? ⇥ ⇥ ? ? ? 2

⌧ ! e decays:

⌧ ! e� ? ? ? ? ? ? ? ? ? ? ? ⇥ ? ? ? ? 2

⌧ ! e⇡0 ? ? ? ? ?? ⇥ ? ? ? ⇥ ? ? ? ⇥ ? ? ? 2 2

⌧ ! eKS ? ? ? ? ? ⇥ ? ⇥ ? ⇥ ? ? ? 2 2

⌧ ! e⇢0 ? ? ? ⇥ ?? ⇥ ? ? ? ⇥ ? ? ? ⇥ ? ? ? 2 2

⌧ ! eK0⇤ ? ? ? ⇥ ? ⇥ ? ⇥ ? ⇥ ? ? ? 2 2

⌧�
! e�`�`+ ?? ?? ? ⇥ ? ? ? ? ? ? ? ? ? ⇥ ? ? ? ? 2

⌧�
! e�e�µ+ ?? ? ⇥ ⇥ ? ? ? ? ? ⇥ ⇥ ? ? ? 2

⌧ CP violation:

⌧ EDM ? ? ? 2 2 ⇥ 2 2 2 2 2 2 2

ACP (⌧ ! KS⇡⌫) ? ? ? ? ? ⇥ ⇥ ⇥ ⇥ ? ? ? ? 2 2

could have a cot � factor from the coupling to top at one side of the loop compensating a

tan � factor at the other side needed for mb factor. There is thus a tan �-independent H+

e↵ect that turns out to be constructive with the SM contribution, which makes B ! Xs� a

powerful tool to constrain mH+ . Of course, QCD corrections and other sophisticated e↵ects

have to be taken into account, which have seen a dramatic progress over the past two decades,

as discussed briefly in Sec. 9.2.1. The recent Belle update [410] of B ! Xs� is slightly lower

than the SM expectation in central value, giving rise to the stringent bound mH+ > 570

GeV [1830].

592/707

• τ LFV is an excellent example. 


