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Motivation

Why an e+e- flavor factory experiment?

• A flavor factory searches for NP by measuring phases, CP asymmetries, inclusive 
decay processes, rare leptonic decays, absolute branching fractions. There is a wide 
range of observables with which to confront theory. 

• Low backgrounds, high trigger efficiency, excellent g and p0 recontruction (and thus h, 
h’, r+, etc. reconstruction), high flavor-tagging efficiency with low dilution, many control 
samples to study systematics

• Negligible trigger bias, and good kinematic resolutions, Dalitz plots analyses are 
straightforward. Absolute branching fractions can be measured. Missing energy and 
missing mass analyses are straightforward.

• Systematics quite different from those at LHCb. If true NP is seen by one of the 
experiments, confirmation by the other would be important.
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Belle II “golden modes”
Observables Expected exp. uncertainty Facility (2025)

UT angles & sides
φ1 [◦] 0.4 Belle II

φ2 [◦] 1.0 Belle II
φ3 [◦] 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 → φK0) 0.02 Belle II

S(B → η′K0) 0.01 Belle II
A(B → K0π0)[10−2] 4 Belle II
A(B → K+π−) [10−2] 0.20 LHCb/Belle II

(Semi-)leptonic

B(B → τν) [10−6] 3% Belle II
B(B → µν) [10−6] 7% Belle II
R(B → Dτν) 3% Belle II

R(B → D∗τν) 2% Belle II/LHCb

Radiative & EW Penguins
B(B → Xsγ) 4% Belle II
ACP (B → Xs,dγ) [10−2] 0.005 Belle II

S(B → K0
Sπ0γ) 0.03 Belle II

S(B → ργ) 0.07 Belle II

B(Bs → γγ) [10−6] 0.3 Belle II
B(B → K∗νν) [10−6] 15% Belle II

B(B → Kνν) [10−6] 20% Belle II
R(B → K∗(() 0.03 Belle II/LHCb

(    discussed 
here)

Charm physics:
[see talk by J. Bennett]

Dark Photon/Sector:
[see talk by K. Flood]

Tau physics [see talk by S. Banerjee]
Quarkonium [see talk by B. Fulsom]
Bs physics at ¡(5S)SUSY 2017, B-physics & Belle II Phillip URQUIJO

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

dark matter and dark photons.

28

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

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

[see also talk by 
A. Gaz, “CKM 
Measurements 
and CPV”]

“The Belle II Physics Book" 
E. Kou et al., PTEP 2019, 123C01 (2019) 
[arXiv:1808.10567] 
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Searching for NP via B0 ® p 0 KS

WA (2017) 5 ab−1 50 ab−1

Channel σ(S) σ(A) σ(S) σ(A) σ(S) σ(A)

J/ψK0 0.022 0.021 0.012 0.011 0.0052 0.0090

φK0 0.12 0.14 0.048 0.035 0.020 0.011

η′K0 0.06 0.04 0.032 0.020 0.015 0.008

ωK0
S 0.21 0.14 0.08 0.06 0.024 0.020

K0
Sπ

0γ 0.20 0.12 0.10 0.07 0.031 0.021

K0
Sπ

0 0.17 0.10 0.09 0.06 0.028 0.018
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B(B0 ® p0 KS ), B(B0 ® p+ K- ), B(B+ ® p0 K+), B(B+ ® p+ KS ) constrain ACP of  B0 ® p 0 KS

Belle II 50 ab-1 indirect constraint

WA (2017) 5 ab−1 50 ab−1

Channel σ(S) σ(A) σ(S) σ(A) σ(S) σ(A)

J/ψK0 0.022 0.021 0.012 0.011 0.0052 0.0090

φK0 0.12 0.14 0.048 0.035 0.020 0.011

η′K0 0.06 0.04 0.032 0.020 0.015 0.008

ωK0
S 0.21 0.14 0.08 0.06 0.024 0.020

K0
Sπ

0γ 0.20 0.12 0.10 0.07 0.031 0.021

K0
Sπ
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b
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W
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ACP = A cos(∆M∆t) + S sin(∆M∆t)

Preferred region based on 
current branching fractions

Current WA

Belle II 50 ab-1 direct measurement

Isospin symmetry:

Details: 
Fleischer et al., EPJC 78, 943 (2018), arXiv:1806.08783;
Fleischer et al., PRD 78, 111501 (2008), arXiv:0806.2900; 
Gronau and Rosner, PLB 666, 467 (2008), arXiv:0807.3080.

b® ccs WA

“The Belle II Physics Book" 
PTEP 2019, 123C01 (2019) 
[arXiv:1808.10567] 
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Direct CPV in B0 ® p K “The Belle II Physics Book" 
PTEP 2019, 123C01 (2019) 
[arXiv:1808.10567] 

B M2

M1

W

T

B

M2

M1

W

C

B

M2

M1

W

E

B

M2

M1
g

P

W

B M2

M1

g

S

W
B M2

M1

Z

PEW

W

B

M2

M1

g

PA

W

Fig. 129: Graphical representation of the most important SU(3) amplitudes of B ! M1M2

decays in the flavour topology classification.

In the following we briefly discuss the formalism and the main results from the analysis of

present pseudoscalar-pseudoscalar (PP ) and pseudoscalar-vector (PV ) final-state data. We

then provide a short outlook on relevant issues for Belle II.

SU(3) amplitudes. In practice, instead of the group-theoretical reduced matrix elements,

one uses an equivalent set of transition amplitudes for heavy meson decays categorised

according to the topology of their flavour flow. Among these flavour diagrams, seven types

have been identified to play an indispensable role in explaining the current data. Leaving

out the CKM factors, they are:

(1) T , the colour-favoured tree diagram with an external W emission;

(2) C, the colour-suppressed tree diagram with an internal W emission;

(3) E, the W -exchange diagram;

(4) P , the QCD penguin diagram;

(5) S, the flavour-singlet QCD penguin diagram;

(6) PEW , the electroweak (EW) penguin diagram;

(7) PA, the penguin-annihilation diagram.

The graphical representation of these amplitudes is shown in Figure 129.

The first three amplitudes T , C, E are generated at tree level in the electroweak interaction.

T is the dominant amplitude, whereas C is naively suppressed relative to T by a colour factor

of Nc = 3, and E by helicity conservation and hadronic form factors. The remaining four

amplitudes are induced only at the one-loop level. Compared to the first five amplitudes, the

EW penguin amplitude is one order higher in the weak interaction and thus even smaller in

334/690

Topological 
amplitudes: 

QCD Factorization: 

12 Charmless Hadronic B Decays and Direct CP Violation

measurements of Bs ! PV are necessary to investigate whether there is sizeable SU(3)

breaking, demanding a dedicated Bs physics run of Belle II.

Additional polarisation dependence enters through Ai,f
h (h = L, T , with T =?, k) in

B ! V V decays, which also allows for the assumption of polarisation-dependent ⇢i,f
A,h.

The assumption of polarisation-independent ⇢i,f
A,L = ⇢i,f

A,T leads to similar observations as

in B ! PP, PV decays. On the other hand it is found that the data of B ! V V decays can

be also described with polarisation-dependent but universal ⇢i
A,h = ⇢f

A,h for initial and final

state radiation.

The preferred regions of ⇢f
A from B ! PP, PV, V V decays are close to each other, which

is not the case for the ⇢i
A.

12.3.4. Direct CP asymmetries at NLO . [Contributing Authors: G. Bell, T. Huber]

Direct CP asymmetries require the interference of two decay amplitudes with di↵erent

CP (“weak”) and rescattering (“strong”) phases. As already observed, within QCD fac-

torisation strong phases are generated only through loop e↵ects proportional to ↵s(mb) or

power corrections proportional to ⇤/mb. One therefore generically expects that direct CP

asymmetries are small, which is in qualitative agreement with experimental data. Larger

strong phases and hence larger CP asymmetries may arise whenever the leading-order term

is suppressed, e.g. by colour factors or Wilson coe�cients.

The dependence on the strong phases makes theoretical calculations of direct CP asym-

metries more involved than those of branching ratios or mixing-induced CP asymmetries. A

clear picture about the relative size and sign of direct CP asymmetries requires, in particu-

lar, controlling subleading terms in the double expansion in ↵s(mb) and ⇤/mb. Whereas the

former can be systematically computed using loop techniques, the latter cannot be calculated

at present and their modelling introduces sizeable theoretical uncertainties.

The various contributions to the decay amplitudes are typically classified according to

their topological structure into tree, QCD penguin, electroweak penguin and annihilation

topologies. In the notation of Ref. [677], the B̄ ! ⇡K̄ amplitudes, which play an important

role in the following discussion, are parametrised as

AB�!⇡�K̄0 = �p A⇡K̄

h
↵̂p
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2↵p

4,EW

i
,

p
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4 + ↵p
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i
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4,EW

i
,

p
2 AB̄0!⇡0K̄0 = �p A⇡K̄
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� ↵̂p
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4,EW

i
+ �p AK̄⇡

h
�pu ↵2 + 3

2↵p
3,EW

i
, (367)

up to power-suppressed annihilation topologies, which are not shown for simplicity (the exact

expressions can be found in Ref. [677]). The corresponding amplitudes with ⇡ ! ⇢ or/and

K ! K⇤ take the same form with the appropriate meson substitution. Here �p = VpbV ⇤
ps and

the terms must be summed over p = u, c. The prefactors AM1M2
/ fM2

FBM1(M2
2 ) reflect the

factorised structure of the hadronic matrix elements in terms of a form factor and a decay

constant.

The above �S = 1 amplitudes are dominated by the charm penguin topology ↵̂c
4. A non-

zero direct CP asymmetry is then generated via its interference with the contribution / �u.

If this is the colour-allowed tree topology ↵1 – and if one neglects the other topologies
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Fig. 129: Graphical representation of the most important SU(3) amplitudes of B ! M1M2

decays in the flavour topology classification.

In the following we briefly discuss the formalism and the main results from the analysis of

present pseudoscalar-pseudoscalar (PP ) and pseudoscalar-vector (PV ) final-state data. We

then provide a short outlook on relevant issues for Belle II.

SU(3) amplitudes. In practice, instead of the group-theoretical reduced matrix elements,

one uses an equivalent set of transition amplitudes for heavy meson decays categorised

according to the topology of their flavour flow. Among these flavour diagrams, seven types

have been identified to play an indispensable role in explaining the current data. Leaving

out the CKM factors, they are:

(1) T , the colour-favoured tree diagram with an external W emission;

(2) C, the colour-suppressed tree diagram with an internal W emission;

(3) E, the W -exchange diagram;

(4) P , the QCD penguin diagram;

(5) S, the flavour-singlet QCD penguin diagram;

(6) PEW , the electroweak (EW) penguin diagram;

(7) PA, the penguin-annihilation diagram.

The graphical representation of these amplitudes is shown in Figure 129.

The first three amplitudes T , C, E are generated at tree level in the electroweak interaction.

T is the dominant amplitude, whereas C is naively suppressed relative to T by a colour factor

of Nc = 3, and E by helicity conservation and hadronic form factors. The remaining four

amplitudes are induced only at the one-loop level. Compared to the first five amplitudes, the

EW penguin amplitude is one order higher in the weak interaction and thus even smaller in

334/690

T = a1 C = a2 E = b2

P = a4 + b3 S = a3 PEW = a3,EW

PA = b4

Assuming a2  and a3,EW  small,  ACP(B- ® p 0K- ) = ACP(B0® p +K-)

Data:   ACP(B- ® p 0K- ) - ACP(B0® p +K-) = (12.2 ± 2.2)%   “the K-p puzzle”

Exciting possibility: a3,EW  has NP          Current thinking: a2 is enhanced by perturbative corrections
Still a problem: such an enhancement doesn’t affect strong phase difference between a2 and a1 (to NNLO)
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Search for NP via B0 ® p K “The Belle II Physics Book" 
PTEP 2019, 123C01 (2019) 
[arXiv:1808.10567] 

IKπ = AK+π−
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12 Charmless Hadronic B Decays and Direct CP Violation

Table 101: Branching fractions (top) and ACP (bottom) measurements for B ! K⇡ decays

from [218].

B(10�6)

Mode BaBar Belle

K+⇡� 19.1 ± 0.6 ± 0.6 20.0 ± 0.34 ± 0.60

K+⇡0 13.6 ± 0.6 ± 0.7 12.62 ± 0.31 ± 0.56

K0⇡+ 23.9 ± 1.1 ± 1.0 23.97 ± 0.53 ± 0.71

K0⇡0 10.1 ± 0.6 ± 0.4 9.68 ± 0.46 ± 0.50

ACP

Mode BaBar Belle LHCb

K+⇡� �0.107 ± 0.016+0.006
�0.004 �0.069 ± 0.014 ± 0.007 �0.080 ± 0.007 ± 0.003

K+⇡0 0.030 ± 0.039 ± 0.010 0.043 ± 0.024 ± 0.002

K0⇡+ �0.029 ± 0.039 ± 0.010 �0.011 ± 0.021 ± 0.006 �0.022 ± 0.025 ± 0.010

K0⇡0 �0.13 ± 0.13 ± 0.03 0.14 ± 0.13 ± 0.06

The theoretical predictions shown in Table 100 can be further improved in the future. On

the one hand, this requires completing the NNLO calculation of the leading-power penguin

amplitude ap
4. In view of its phenomenological relevance, one should also consider computing

the scalar penguin amplitude ap
6 to the same precision. In addition, one should attempt

to improve the modelling of the weak-annihilation amplitudes, e.g. through a data-driven

approach (see previous section).

While this short review focussed on the ⇡K̄ channels and their relatives, many more direct

CP asymmetries can be measured in charmless two-body decays. In general, one expects

that the same theoretical methods hold for the leading amplitudes in the heavy-quark limit

(in the case of B ! V V decays, this applies then only to the longitudinal amplitude).

12.4. Experimental status of B ! ⇡K(⇤) and ⇢K(⇤) decays

[Contributing Author: P. Goldenzweig]

The experimental status of the branching fraction and ACP measurements of the K⇡ sys-

tem are displayed in Table 101. Both Belle and BaBar report a complete set of measurements

of the eight observables, while LHCb only reports ACP values for K+⇡� and K0⇡+. The

most demanding of these measurements is the all-neutral final state K0⇡0. It requires vertex

reconstruction of the charged pions from the neutral kaon decays and depends crucially on a

vertex detector with a large radial acceptance. Belle measures AK0⇡0

CP = +0.14 ± 0.13 ± 0.06

with a data sample of approximately 600 fb�1 [819]. The main systematic uncertainty contri-

butions are ordered from largest to smallest as follows: tag side interference (±0.054), vertex

reconstruction (±0.022), background fraction (±0.022), and potential fit biases (±0.020).

These are expected to improve with the larger data set, particularly since similar systematic

uncertainties in the analyses of the other K⇡ modes, which all have more signal events, are

all substantially smaller.

Belle has found the value of the isospin breaking identity parameter, IK⇡, to be �0.270 ±
0.132 ± 0.060 [709]. To determine the e↵ect on the precision of IK⇡ with Belle II data, the
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Fig. 132: Precision of IK⇡ with: current Belle results; K0⇡0 with 50 ab�1; all channels with

50 ab�1 (left). 2D comparison of IK⇡ vs. AK0⇡0

CP with current Belle results and all channels

with 50 ab�1 (right).

errors on Belle’s measurements of the branching fractions and ACP are scaled to the expec-

tations at 5 and 50 ab�1, and fits are performed with the GammaCombo fit package [820]

to extract IK⇡. The only possible correlated errors for the ACP measurements are detec-

tor bias errors, which are estimated with di↵erent methods for each channel; thus the bias

errors are assumed to be uncorrelated. Additionally, the systematic uncertainties are con-

servatively estimated and they are still smaller than the statistical errors. With the large

Belle II dataset, the correlations will need to be taken into account. The precision with 5

(50) ab�1 is found to be 0.07 (0.03). These results are shown in the first horizontal block

of Table 100, alongside the NLO, NNLO, and NNLO+LD predictions (described in detail

in Section 12.3.4), all in %. To isolate the e↵ect of the all neutral mode, an additional fit

is performed where only the K0⇡0 measurements are scaled to the expectation at 50 ab�1.

Clearly the precision is limited by K0⇡0, as displayed in Fig. 132 (left). The dependence on

the precision of IK⇡ is further demonstrated by a simplistic 2D comparison of IK⇡ vs. AK0⇡0

CP

shown in Fig. 132 (right).

The experimental results for the branching fractions and ACP measurements for the K⇤⇡,

K⇢ and K⇤⇢ systems are tabulated in Ref. [218]. To determine the e↵ect on the precision

of the isospin breaking parameters IK⇤⇡, IK⇢ and IK⇤⇢ with Belle II data, the errors on

the branching fractions and ACP measurements are scaled to the expectations at 5 and

50 ab�1, and fits are performed to extract the corresponding I (analogous to the K⇡ sys-

tem). The results of the fits to IK⇤⇡ and IK⇢ are listed in the second and third blocks of

Table 100, respectively, alongside the theoretical predictions. Here, the inputs to the fits are

from BaBar’s complete set of branching fraction and ACP measurements, as Belle does not

yet have results for all observables. The vector-vector decay K⇤⇢ is discussed in detail in

Sec. 12.6.3. Here, the comparison of NNLO results to experiment is presently not possible, as

the longitudinal ACP for K⇤0 ⇢+ has not been measured. Furthermore, the NNLO computa-

tion is not possible for transverse amplitudes, as they are power-suppressed and there is no

complete QCD factorisation theorem for them. The results for the fit to the K⇤⇢ system (also

using BaBar inputs) are IK⇤⇢ = 0.4 ± 26.4(12.4)(4.4)%, where the first and second errors in

parentheses are obtained by repeating the fit with the errors on the branching fractions

352/690

Table 100: Direct CP asymmetries, �ACP , and the isospin breaking parameter I (all in per-

cent) for the ⇡K, ⇡K⇤, and ⇢K final states. The theoretical values are taken from Ref. [815].

The column NNLO+LD (long distance) includes an estimate of non-factorisable annihilation

contributions. The theoretical errors are due to CKM and hadronic parameters, respectively.

The errors on the experimental values of �ACP and I are computed from those of the indi-

vidual observables appearing in Eq. (372) for ⇡K (and analogous sum rules for ⇡K⇤ and ⇢K,)

ignoring possible correlations. The fourth column contains the experimental world average

(WA) values from [218]. The last column includes the precision on I determined by fitting

Eq. (372), using the complete set of measurements from Belle for IK⇡, and from BaBar for

IK⇤⇡ and IK⇢ (Section 12.4). The first and second errors in parentheses are obtained by

repeating the fit with the errors on the branching fractions and ACP scaled to the expected

results with 5 and 50 ab�1 of Belle II data, respectively.

NLO NNLO NNLO + LD Exp (WA) Exp (Belle II)

⇡�K̄0 0.71+0.13 +0.21
�0.14 �0.19 0.77+0.14 +0.23

�0.15 �0.22 0.10+0.02 +1.24
�0.02 �0.27 �1.7 ± 1.6 Belle input

⇡0K� 9.42+1.77 +1.87
�1.76 �1.88 10.18+1.91 +2.03

�1.90 �2.62 �1.17+0.22 +20.00
�0.22 � 6.62 4.0 ± 2.1

⇡+K� 7.25+1.36 +2.13
�1.36 �2.58 8.08+1.52 +2.52

�1.51 �2.65 �3.23+0.61 +19.17
�0.61 � 3.36 �8.2 ± 0.6

⇡0K̄0 �4.27+0.83 +1.48
�0.77 �2.23 �4.33+0.84 +3.29

�0.78 �2.32 �1.41+0.27 +5.54
�0.25 �6.10 1 ± 10 �14 ± 13

�ACP 2.17+0.40 +1.39
�0.40 �0.74 2.10+0.39 +1.40

�0.39 �2.86 2.07+0.39 +2.76
�0.39 �4.55 12.2 ± 2.2

IK⇡ �1.15+0.21 +0.55
�0.22 �0.84 �0.88+0.16 +1.31

�0.17 �0.91 �0.48+0.09 +1.09
�0.09 �1.15 �14 ± 11 �27 ± 14(7)(3)

⇡�K̄⇤0 1.36+0.25 +0.60
�0.26 �0.47 1.49+0.27 +0.69

�0.29 �0.56 0.27+0.05 +3.18
�0.05 �0.67 �3.8 ± 4.2 BaBar input

⇡0K⇤� 13.85+2.40 +5.84
�2.70 �5.86 18.16+3.11 + 7.79

�3.52 �10.57 �15.81+3.01 +69.35
�2.83 �15.39 �6 ± 24 �6 ± 24

⇡+K⇤� 11.18+2.00 + 9.75
�2.15 �10.62 19.70+3.37 +10.54

�3.80 �11.42 �23.07+4.35 +86.20
�4.05 �20.64 �23 ± 6

⇡0K̄⇤0 �17.23+3.33 + 7.59
�3.00 �12.57�15.11+2.93 +12.34

�2.65 �10.64 2.16+0.39 +17.53
�0.42 �36.80 �15 ± 13

�ACP 2.68+0.72 +5.44
�0.67 �4.30 �1.54+0.45 +4.60

�0.58 �9.19 7.26+1.21 +12.78
�1.34 �20.65 17 ± 25

IK⇤⇡ �7.18+1.38 +3.38
�1.28 �5.35 �3.45+0.67 +9.48

�0.59 �4.95 �1.02+0.19 +4.32
�0.18 �7.86 �5 ± 45 69 ± 32(15)(6)

⇢�K̄0 0.38+0.07 +0.16
�0.07 �0.27 0.22+0.04 +0.19

�0.04 �0.17 0.30+0.06 +2.28
�0.06 �2.39 �12 ± 17 BaBar input

⇢0K� �19.31+3.42 +13.95
�3.61 � 8.96 �4.17+0.75 +19.26

�0.80 �19.52 43.73+7.07 + 44.00
�7.62 �137.77 37 ± 11

⇢+K� �5.13+0.95 +6.38
�0.97 �4.02 1.50+0.29 + 8.69

�0.27 �10.36 25.93+4.43 +25.40
�4.90 �75.63 20 ± 11

⇢0K̄0 8.63+1.59 +2.31
�1.65 �1.69 8.99+1.66 +3.60

�1.71 �7.44 � 0.42+0.08 +19.49
�0.08 � 8.78 6 ± 20 5 ± 26

�ACP �14.17+2.80 +7.98
�2.96 �5.39 �5.67+0.96 +10.86

�1.01 �9.79 17.80+3.15 +19.51
�3.01 �62.44 17 ± 16

IK⇢ �8.75+1.62 +4.78
�1.66 �6.48 �10.84+1.98 +11.67

�2.09 � 9.09 � 2.43+0.46 + 4.60
�0.42 �19.43 �37 ± 37 �44 ± 49(25)(11)

The experimental uncertainty of the asymmetry sum rule is currently dominated by the

⇡0K̄0 direct CP asymmetry, which will be one of the key measurements at Belle II. The

related ⇡K̄⇤, ⇢K̄ and ⇢K̄⇤ channels provide additional insights on the pattern of direct CP

asymmetries in penguin-dominated �S = 1 transitions. As discussed above, all interference

e↵ects, and also the theoretical uncertainties are expected to be enhanced in these channels,

which are therefore of significant interest for both NP searches and theory testing.

350/690
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Search for NP via B0 ® p/r K(*)

IKπ = AK+π−

CP Γ(K+π−) + AK0π+

CP Γ(K0π+) − 2AK+π0

CP Γ(K+π0) − 2AK0π0

CP Γ(K0π0)

= AK+π−

CP + AK0π+

CP

B(K0π+)

B(K+π−)

τB0

τB+

− 2AK+π0

CP

B(K+π0)

B(K+π−)
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P
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1− 0.5− 0 0.5
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0
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contours hold 68%, 95% CL (etc.)

Fig. 132: Precision of IK⇡ with: current Belle results; K0⇡0 with 50 ab�1; all channels with

50 ab�1 (left). 2D comparison of IK⇡ vs. AK0⇡0

CP with current Belle results and all channels

with 50 ab�1 (right).

errors on Belle’s measurements of the branching fractions and ACP are scaled to the expec-

tations at 5 and 50 ab�1, and fits are performed with the GammaCombo fit package [820]

to extract IK⇡. The only possible correlated errors for the ACP measurements are detec-

tor bias errors, which are estimated with di↵erent methods for each channel; thus the bias

errors are assumed to be uncorrelated. Additionally, the systematic uncertainties are con-

servatively estimated and they are still smaller than the statistical errors. With the large

Belle II dataset, the correlations will need to be taken into account. The precision with 5

(50) ab�1 is found to be 0.07 (0.03). These results are shown in the first horizontal block

of Table 100, alongside the NLO, NNLO, and NNLO+LD predictions (described in detail

in Section 12.3.4), all in %. To isolate the e↵ect of the all neutral mode, an additional fit

is performed where only the K0⇡0 measurements are scaled to the expectation at 50 ab�1.

Clearly the precision is limited by K0⇡0, as displayed in Fig. 132 (left). The dependence on

the precision of IK⇡ is further demonstrated by a simplistic 2D comparison of IK⇡ vs. AK0⇡0

CP

shown in Fig. 132 (right).

The experimental results for the branching fractions and ACP measurements for the K⇤⇡,

K⇢ and K⇤⇢ systems are tabulated in Ref. [218]. To determine the e↵ect on the precision

of the isospin breaking parameters IK⇤⇡, IK⇢ and IK⇤⇢ with Belle II data, the errors on

the branching fractions and ACP measurements are scaled to the expectations at 5 and

50 ab�1, and fits are performed to extract the corresponding I (analogous to the K⇡ sys-

tem). The results of the fits to IK⇤⇡ and IK⇢ are listed in the second and third blocks of

Table 100, respectively, alongside the theoretical predictions. Here, the inputs to the fits are

from BaBar’s complete set of branching fraction and ACP measurements, as Belle does not

yet have results for all observables. The vector-vector decay K⇤⇢ is discussed in detail in

Sec. 12.6.3. Here, the comparison of NNLO results to experiment is presently not possible, as

the longitudinal ACP for K⇤0 ⇢+ has not been measured. Furthermore, the NNLO computa-

tion is not possible for transverse amplitudes, as they are power-suppressed and there is no

complete QCD factorisation theorem for them. The results for the fit to the K⇤⇢ system (also

using BaBar inputs) are IK⇤⇢ = 0.4 ± 26.4(12.4)(4.4)%, where the first and second errors in

parentheses are obtained by repeating the fit with the errors on the branching fractions
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12 Charmless Hadronic B Decays and Direct CP Violation
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Fig. 133: Demonstration of the limitations on the measurments of the isospin sum rules due

to the precision of AK⇤+⇡0

CP for IK⇤⇡ (top), AK0⇢0

CP for IK⇢ (middle), and AK⇤0⇢+

CP for IK⇤⇢

(bottom) for 5 ab�1 (top) and 50 ab�1 (bottom) of Belle II data. The results for I are listed

in Table 100.

and ACP scaled to the expected results with 5 and 50 ab�1 of Belle II data, respectively.

Analogous to the K⇡ system, 2D contours are plotted for the isospin breaking parameters

vs. the channel with the largest error in ACP (Fig. 133): K⇤+⇡0, K0⇢0 and K⇤0⇢+ for the

K⇤⇡, K⇢ and K⇤⇢ systems, respectively.

A summary of the world average results for ACP and �ACP for all four systems is provided

in Fig. 134. While the uncertainty has improved greatly in K⇡, it is still too large in the
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B0® p K B0® p K*

B0® r K

B0® r K*

“The Belle II Physics Book" 
PTEP 2019, 123C01 (2019) 
[arXiv:1808.10567] 
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Inclusive B® X(s,d)l +l - decays 

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

B(B → Xs!+!−) (1.0 < q2 < 3.5 GeV2) 29% 13% 6.6%

B(B → Xs!+!−) (3.5 < q2 < 6.0 GeV2) 24% 11% 6.4%

B(B → Xs!+!−) (q2 > 14.4 GeV2) 23% 10% 4.7%

ACP (B → Xs!+!−) (1.0 < q2 < 3.5 GeV2) 26% 9.7 % 3.1 %

ACP (B → Xs!+!−) (3.5 < q2 < 6.0 GeV2) 21% 7.9 % 2.6 %

ACP (B → Xs!+!−) (q2 > 14.4 GeV2) 21% 8.1 % 2.6 %

AFB(B → Xs!+!−) (1.0 < q2 < 3.5 GeV2) 26% 9.7% 3.1%

AFB(B → Xs!+!−) (3.5 < q2 < 6.0 GeV2) 21% 7.9% 2.6%

AFB(B → Xs!+!−) (q2 > 14.4 GeV2) 19% 7.3% 2.4%

∆CP (AFB) (1.0 < q2 < 3.5 GeV2) 52% 19% 6.1%

∆CP (AFB) (3.5 < q2 < 6.0 GeV2) 42% 16% 5.2%

∆CP (AFB) (q2 > 14.4 GeV2) 38% 15% 4.8%

1

2

3

4
5

6

77

88

1010

Belle-2 Projections: Inclusive b�sll
Huber, Ishikawa, Virto '2016
Contours: SM Pull with 50/ab: BR & AFB
Red: Exclusive Fit (arXiv:1510.04239 [hep-ph])

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

C9
NP

C
10N
P

Belle II 50 ab-1 exclusion contours
(BR and AFB of inclusive b® sll) :

Inclusive decays were measured at Belle/BaBar using a sum-of-exclusives method: e.g., Xs = Kn(p) 
with n£ 4 and max 1 p0. This can be improved at Belle II:
• 3 K modes can be included;
• more p+ can possibly be included;
• another p0 can possibly be included;
• improved full reconstruction on tagging side (with neural network) 

should make true inclusive analysis feasible (under study)

Exclusive decays fit:  
Descotes-Genon et al., JHEP 06 (2016)092
Aebischer et al., EPJC 80 (2020) 252

n  s pull to SM fit if true values

[DCP (AFB) = AFB(B-bar) - AFB(B) ]

Note: AFB provides stringent constraint on C9, C10

“The Belle II Physics Book" 
PTEP 2019, 123C01 (2019) 
[arXiv:1808.10567] 
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Inclusive B® X(s,d)g  radiative decays 

b s
W±

u, c, t
Vqb Vqs

g

W± , H±

Note: experimental error from background subtraction grows as Eg is lower; theoretical errors grow as Eg is higher.
Both ACP (residual photon contribution) and isospin asymmetry D0+ (S78) reduce theoretical uncertainties in the inclusive BF

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

Br(B → Xsγ)lep-tag
inc 5.3% 3.9% 3.2%

Br(B → Xsγ)had-tag
inc 13% 7.0% 4.2%

Br(B → Xsγ)sum-of-ex 10.5% 7.3% 5.7%

∆0+(B → Xsγ)sum-of-ex 2.1% 0.81% 0.63%

∆0+(B → Xs+dγ)had-tag
inc 9.0% 2.6% 0.85%

ACP(B → Xsγ)sum-of-ex 1.3% 0.52% 0.19%

ACP(B0 → X0
s γ)sum-of-ex 1.8% 0.72% 0.26%

ACP(B+ → X+
s γ)sum-of-ex 1.8% 0.69% 0.25%

ACP(B → Xs+dγ)lep-tag
inc 4.0% 1.5% 0.48%

ACP(B → Xs+dγ)had-tag
inc 8.0% 2.2% 0.70%

∆ACP(B → Xsγ)sum-of-ex 2.5% 0.98% 0.30%

∆ACP(B → Xs+dγ)had-tag
inc 16% 4.3% 1.3%

Br(B → Xdγ)sum-of-ex 30% 20% 14%

∆0+(B → Xdγ)sum-of-ex 30% 11% 3.6%

ACP(B+ → X+
ud̄γ)sum-of-ex 42% 16% 5.1%

ACP(B0 → X0
dd̄γ)sum-of-ex 84% 32% 10%

ACP(B → Xdγ)sum-of-ex 38% 14% 4.6%

∆ACP(B → Xdγ)sum-of-ex 93% 36% 11%

[ DACP = ACP(B+) - ACP(B0) µ Im(C8/C7) ]

un-
meas
ured
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Exclusive B® Vg  radiative decays 

b s
W±

u, c, t
Vqb Vqs

g

W± , H±
Observables Belle 0.71 ab−1 (0.12 ab−1) Belle II 5 ab−1 Belle II 50 ab−1

∆0+(B → K∗γ) 2.0% 0.70% 0.53%

ACP(B0 → K∗0γ) 1.7% 0.58% 0.21%

ACP(B+ → K∗+γ) 2.4% 0.81% 0.29%

∆ACP(B → K∗γ) 2.9% 0.98% 0.36%

SK∗0γ 0.29 0.090 0.030

Br(B0 → ρ0γ) 24% 7.6% 4.5%

Br(B+ → ρ+γ) 30% 9.6% 5.0%

Br(B0 → ωγ) 50% 14% 5.8%

∆0+(B → ργ) 18% 5.4% 1.9%

ACP(B0 → ρ0γ) 44% 12% 3.8%

ACP(B+ → ρ+γ) 30% 9.6% 3.0%

ACP(B0 → ωγ) 91% 23% 7.7%

∆ACP(B → ργ) 53% 16% 4.8%

Sρ0γ 0.63 0.19 0.064

|Vtd/Vts|ρ/K∗ 12% 8.2% 7.6%

Br(B0
s → φγ) 23% 6.5% –

Br(B0 → K∗0γ)/Br(B0
s → φγ) 23% 6.7% –

Br(B0
s → K∗0γ) – 15% –

ACP(B0
s → K∗0γ) – 15% –

Br(B0
s → K∗0γ)/Br(B0

s → φγ) – 15% –

Br(B0 → K∗0γ)/Br(B0
s → K∗0γ) – 15% –

Theory:

D0+(K*g) = (4.9 ± 2.6)%
ACP(K*g) = (0.3 ± 0.1)%
[ constrains Im(C7) ]

D0+(rg) = (5.2 ± 2.8)%

Lyon and Zwicky, PRD D88, 
094004 (2013)

Paul and Straub, JHEP 04, 027 
(2017)

systematics 
limited: f+-/f00
statistics 
limited

statistics 
limited
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|Vub| via B+ ® t +n

Belle + BaBar average:
B(B+® t+n ) = (1.06 ± 0.20) x 10-4 

There is rough agreement between |Vub| measured 
in B(B+® t+n ) and f1 (b) and f2 (a):

`sin 2
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61.2k events
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4300k events (50 ab-1)

indirect 
(CKM unitarity)

indirect
(CKM unitarity)

Vub
using fB = (190.0 ± 1.3) MeV  (FLAG 2019, arXiv:1902.08191)

⇒ |Vub| = (4.05 ± 0.37) x 10-3
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B® hnn (h = p+, p0, r+, r0, K+, KS , K*0, K*+)

• Semileptonic tag: use Neural Network (NN) to identify B® D(*)ln decay on tagging side. Including 
D0 and D+ modes, there are 108 different decay channels considered.

• Require only relevant tracks on signal side: no extra tracks, extra p0’s, or KL’s.
• Suppress continuum background (uu, dd, ss, cc) with a second NN based on Fox-Wolfram moments, 

event topology
• Reject backgrounds with a third NN based on 17-31 kinematic variables• Fit EECL (unassociated energy in the calorimeter) distribution for signal

711 fb-1 Grygier et al. (Belle), PRD 96, 091101 (2017)
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• no signals observed. most limits are the world’s best
• limits are a factor of 2.7 (K*) – 3.9 (K) above SM prediction   
⇒ Belle II should get to SM level
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Summary

• Belle II is now ~fully constructed and installed. The only missing element is the 
second layer of the PXD (to be installed in 2020/2021). The experiment has 
finished 3 limited running periods, thus far accumulating ~70 fb-1 of data. 

• Detector is working: seeing clean signals for D and B decays. Many first physics 
signals shown at ICHEP 2020.

• Accelerator commissioning is proceeding, but there are challenges (as expected) 
for this new machine: background is higher than expected, dominated by beam 
gas. by

* is slowly being reduced. Both instantaneous luminosity and specific 
luminosity already higher than Belle and BaBar.

• Physics potential is large: there is much better vertexing (and thus decay time 
resolution) and better particle ID than in Belle; full reconstruction on tag side is 
notably improved over Belle/BaBar; and factor of 50x statistics.
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Physics potential

E. Kou et al., Prog. Theor. Exp. Phys. 2019, 123C01 (2019)
[arxiv.org/abs/1808.10567]

Outcome of the B2TIP (Belle II Theory Interface) Workshops
Emphasis is on New Physics (NP) reach.

Good participation from theory community, 
lattice QCD community and Belle II experimenters.
689 pages, published by Oxford University Press
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History

2000   2002    2004   2006    2008    2010    2012

Lu
m

in
os

ity
  (

fb
-1

)

>1000 fb-1

550 fb-1

CLEO 11 fb-1

Chapter 1

Physics Motivation

In this chapter, we give an overview of the physics
motivation for the SuperKEKB asymmetric B factory.
The overview covers the e+e� environment, achieve-
ments at Belle, and the range of physics achievable at
SuperKEKB with the Belle II experiment. The Su-
perKEKB physics program is diverse, and the range of
physics topics that can be studied is very broad. This
chapter provides justifications for the design integrated
luminosity, and plans for running at di⇥erent centre-of-
mass energies.

1.1 Overview

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

SuperKEKB has a design luminosity of 8 ⇥
1035cm�2s�1, about 40 times larger that of KEKB. This
luminosity will produce 5 ⇥ 1010 b, c and � pairs, at a
rate of about 10 ab�1 per year (see Table 1.1).

1.1.1 The Intensity Frontier

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

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

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

B(⇥)
s B̄(⇥)

s 7.0⇥ 106 � 6.0⇥ 108

�(1S) 1.0⇥ 108 1.8⇥ 1011

�(2S) 1.7⇥ 108 0.9⇥ 107 7.0⇥ 1010

�(3S) 1.0⇥ 107 1.0⇥ 108 3.7⇥ 1010

�(5S) 3.6⇥ 107 � 3.0⇥ 109

�� 1.0⇥ 109 0.6⇥ 109 1.0⇥ 1010

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

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

Studies of symmetries have often illuminated our un-
derstanding of nature. At the cosmological scale, there
is the unresolved problem with the matter-antimatter
asymmetry in the universe. While the violation of CP

2

The Belle + BaBar Era:
The “B Factory” experiments Belle and BaBar ran for ~10 years (2000-2010): 
556 (Belle) + 595 (BaBar) = 1151 physics papers published, many discoveries 
(CPV in B0® J/y K0, direct CPV in B0® p+p -, D0-D0bar mixing, X(3872), DsJ(2317), etc.), 
a Nobel Prize (Kobayashi and Maskawa, 2008) 

Belle II is a significant upgrade of Belle: new accelerator, new detector, new electronics, 
new DAQ, new trigger. Goal: 50 ab-1 of data
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The Belle II Detector
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Use BCL parametrization of form factor, fit q2 spectrum for 
BCL parameters and |Vub|
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BCL: Bourrely, Caprini, Lellouch, PRD 79, 013008 (2009)
Lattice: Aoki et al., (FLAG), EPJC 77, 112, (2017)
LCSR: Bharucha, JHEP 05, 092, (2012) 
HFLAV: EPJC 77 (2017) 895 [arXiv:1612.07233] 

Belle II 5 ab-1 B® p ln                 

|Vub|  = (3.67 ± 0.09exp± 0.12th) x 10-3


