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Motivation: 
Why a flavor factory in the LHC Era? 
 

•  A flavor factory studies processes that occur at 1-loop in the SM but may be O(1) in 
NP: FCNC, neutral meson mixing, CP violation. These loops probe energy scales 
that cannot be accessed directly - even at the LHC. 

•  If supersymmetry is found at the LHC, it will be important to resolve how it is 
broken. By studying flavor couplings, a flavor factory can address this. 

Why an e+e- Machine? 
 

•  Low backgrounds, high trigger efficiency, excellent γ and π0 recontruction (and thus η, 
η’, ρ+, etc. reconstruction), high flavor-tagging efficiency with low dilution, many control 
samples to study systematics 

•  Due to low backgrounds, 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. 

A (super) 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.  
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Chapter 1

Physics Motivation

In this chapter, we give an overview of the physics

motivation for the SuperKEKB asymmetric B factory.

The overview covers the e+e− environment, achieve-

ments at Belle, and the range of physics achievable at

SuperKEKB with the Belle II experiment. The Su-

perKEKB physics program is diverse, and the range of

physics topics that can be studied is very broad. This

chapter provides justifications for the design integrated

luminosity, and plans for running at different 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 Υ resonances. Most of the data will be collected

at the Υ(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 ×
10

35
cm

−2
s
−1

, about 40 times larger that of KEKB. This

luminosity will produce 5 × 10
10 b, c and τ 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, Υ, charm and τ yields. Per year

integrals are at design luminosity and are for guidance

only.

Channel Belle BaBar Belle II (per year)

BB̄ 7.7× 10
8

4.8× 10
8

1.1× 10
10

B(∗)
s B̄(∗)

s 7.0× 10
6 − 6.0× 10

8

Υ(1S) 1.0× 10
8

1.8× 10
11

Υ(2S) 1.7× 10
8

0.9× 10
7

7.0× 10
10

Υ(3S) 1.0× 10
7

1.0× 10
8

3.7× 10
10

Υ(5S) 3.6× 10
7 − 3.0× 10

9

ττ 1.0× 10
9

0.6× 10
9

1.0× 10
10

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
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Unitarity triangle – determining the angles 

* B0 → J/ψ KS 
   B0 → J/ψ KL 
   B0 → ψ’ KS 
   B0 → χc KS 
   B0 → ηc KS 
   B0 → D (*)

CP
 h0 

* B0 → (φ/η’/π0/f0)K0 

* B0 → (KSKS
/ρ0/ω)KS

 

  * B → π+π- /π+π0 /π0π0 
** B → ρ+ρ- /ρ+ρ0 /ρ0ρ0  
     B0 → ρ π  
     B0 → a1(ρπ)+ π-  

     B- → D(*)
CP K(*)- 

** B0 → DCP K*0 

     B- → D(*)(K+π-) K(*)- 

     B- → D(*)0 π- 

  * B- → D(*)(KS π+π-) K(*)- 

     B- → D(π0π+π-) K- 
  * B- → D(KS K+π-) K- 

The internal angles of this triangle are phase 
differences that can be measured via various 
strategies: 

   Belle/BaBar   LHCb    
* = recent update       * = update to 3 fb-1 V ∗

ubVud + V ∗
cbVcd + V ∗

tbVtd = 0
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Unitarity triangle – determining the sides 

B0 → D(*)l ν 	

B0 → Xc l ν  (l energy, hadron  

      mass moments)   
B0 → Xs γ (γ energy moments)  

Caprini, Lellouch, Neubert,  
  Nucl. Phys. B530, 153 (1998) 

Neubert, Phys. Rep. 245, 259 (1994) 
Isgur, Wise, PLB 237, 527 (1990);  

   PLB 232, 113 (1989) 
Gambino, Uraltsev, EPJ C34, 181 (2004) 
Benson, Bigi, Uraltsev, Nucl. Phys. B710, 371 (2005) 
Benson et al., Nucl. Phys. B665, 367 (2003) 
Boyd, Grinstein, Lebed, PRL 74, 4603 (1995) 

HPQCD, PRD 73, 074502 (2006);  
  PRD75, 119906 (2007) 

FNAL/MILC, Nucl. Phys. Proc.  
  Suppl. 140, 461 (2005) 

 
Lange et al. (BLNP), PRD 72, 073006 (2005) 
Andersen, Gardi (DGE), JHEP 601, 97 (2006) 
Gambino et al. (GGOU), JHEP 710, 58 (2007) 
Aglietti et al. (ADFR), EPJ C59 (2009);  

 Nucl. Phy. B768, 85 (2007) 
Bauer et al. (BLL), PRD64, 113004 (2001) 

Ali et al., arXiv:hep-ph/0610149; 
 PLB 595, 323 (2004) 

Ball et al., JHEP 04, 046 (2006); 
 PRD 75, 054004 (2007) 

Bosch et al., JHEP 0501, 035 (2005) 

Belle 
LHCb 

   B0 → π l + ν  
   B0 → Xu l ν  
* B+ → τ+ ν  
* Λb → p l+ν  

   B0 → ρ0γ  
* Bs–Bs mixing  
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 |Vcb| from B→ D(*)lν 

HFAG 2015 
exclusive: 
    B→D*ℓν :   (38.94 ± 0.76) x 10-3  

    B→Dℓν :    (39.45 ± 1.67) x 10-3 

inclusive: 
    B→Xc ℓν :   (42.46 ± 0.88) x 10-3  (kinetic sch.) 
 

 

form factor 

For exclusive decays, |
Vcb| determined via 
differential decay rate: 

w ≡ vB · vD =
M2

B + M2
D − q2

2MBMD

Kinematics: 
q2 = (PB - PD)2 = (Pl + Pν )2 
 

q2 = 0 →  wmax = 1.6 
w = 1 → q2

max 

Caprini, Lelouch, 
Neubert: 

Boyd, 
Grinstein, 
Lebed: 

P+(z) = 1

φ+(z) =
1.1213 (1 + z)2

√
1 − z

[(1 + MD/MB)(1 − z) + 2
√

MD/MB(1 + z)]5

Bailey et al., arXiv:1503.07237 
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 |Vcb| from B→ Dlν 

B→Dℓν Reconstruction: 
Divide event into 2 hemispheres: “signal” side and “flavor tag” side. Tag side is fully reconstructed 
(using neural net) 

703 fb-1 

charged tags 
(17 modes) 

neutral tags 
(15 modes) 

charged signals 
(10 modes) 

neutral signals 
(13 modes) 

Note: over 1000 decay topologies considered. 
[This is straightforward at an e+e- machine but very 
difficult at a hadron machine] 

B−→D∗0π−

B−→D∗0π−π0

B−→D∗0π−π+π−

B−→D∗0π−π+π−π0

B−→D0π−

B−→D0π−π0

B−→D0π−π+π−

B−→D∗0D∗−
s

B−→D∗0D−
s

B−→D0D∗−
s

B−→D0D−
s

B−→J/ψ K−

B−→J/ψ K−π+π−

B−→J/ψ K−π0

B−→J/ψ KSπ−

B−→D0K−

B−→D+π−π−

B0 →D∗+π−

B0 →D∗+π−π0

B0 →D∗+π−π+π−

B0 →D∗+π−π+π−π0

B0 →D+π−

B0 →D+π−π0

B0 →D+π−π+π−

B0 →D∗+D∗−
s

B0 →D∗+D−
s

B0 →D+D∗−
s

B0 →D+D−
s

B0 →J/ψ KS

B0 →J/ψ K−π+

B0 →J/ψ KSπ+π−

B0 →D0π0

D+ →K−π+π+

D+ →K−π+π+π0

D+ →K−π+π+π+π−

D+ →K−K+π+

D+ →KS π+

D+ →KS π+π0

D+ →KS π+π+π−

D+ →KS K+

D+ →π+π0

D+ →π+π+π−

D0 →K−π+

D0 →K−π+π0

D0 →K−π+π+π−

D0 →K−π+π+π−π0

D0 →KS π+π−

D0 →KS π+π−π0

D0 →KS π0

D0 →K−K+

D0 →π+π−

D0 →KSKS

D0 →π0π0

D0 →KS π0π0

D0 →π+π+π0

Glattauer, presented 
 at EPS-HEP 2015 
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 |Vcb| from B→ D lν 

B→Dℓν Reconstruction: 
 
After tag side reconstructed, tracks are “removed” and signal side D reconstructed. After D 
reconstructed, e or µ is added to decay and missing mass calculated: 
 
 
 
Missing mass spectrum (in bins of w) is fit for signal yield; from signal 
yield one calculates ΔΓ/Δw.  

M2
miss =

(
Pbeam − PD − P!

)2

B0 → D+e- ν  

1.00 < w <1.06 
 
 

1.36 < w <1.42 
 
 

1.54 < w <1.60 
 
 

703 fb-1 Glattauer, presented 
 at EPS-HEP 2015 
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 |Vcb| from B→ D lν 

Using G(1) = 1.0541 ± 0.0083 from MILC [arXiv:1503.07237] 
Note:  ηEW  = 1.0066 (leading order,) Sirlin, Nucl. Phys. B196, 83 (1982) 

Belle 
preliminary 

w
1 1.1 1.2 1.3 1.4 1.5 1.6

 / 
dw

 [G
eV

]
Γd

0

5
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35

40
15−10×

w
1 1.1 1.2 1.3 1.4 1.5 1.6

 / 
dw

 [G
eV

]
Γd

0

5

10

15
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35

40
15−10×

Belle
Fit

Results: 

w
1 1.1 1.2 1.3 1.4 1.5 1.6

 / 
dw

 [G
eV

]
Γd

0

5

10

15

20

25
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35

40
15−10×

w
1 1.1 1.2 1.3 1.4 1.5 1.6

 / 
dw

 [G
eV

]
Γd

0

5

10

15

20

25

30

35

40
15−10×

Belle
HPQCD
MILC
Fit

CLN (2 params, heavy quark symmetry) 

MILC data from: [arXiv:1503.07237] 
HPQCD data from: [arXiv:1505.03925] 

BGL (more params, less constraints) We 
also include lattice “data” in the fit: 

703 fb-1 Glattauer, presented 
 at EPS-HEP 2015 



  A. J. Schwartz          Belle Results and Belle II Prospects  KITP Lattice 2015     10 

 |Vcb| from B→ D lν 

Results: 

2ρ
0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3

η
| G

(1
) 

cb
|V

0.038

0.04

0.042

0.044

0.046

0.048

eν+e
0

D→+B

µν+µ
0

D→+B

eν+e
-D→0B

µν+µ
-D→0B

lνDl→B

703 fb-1 Glattauer, presented 
 at EPS-HEP 2015 
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 |Vcb| from B→ D lν 

B→Dℓν: Comparison of different BGL set-ups 
 

Using different lattice data: 

Using different series 
truncations (N): 

[14] = arXiv:1503.07237 
[30] = arXiv:1505.03925 

= default 

14

TABLE VI. Lattice QCD results obtained by the HPQCD collaboration [30], expressed in terms of f+ and f0 form-factor values

at w = 1, 1.08, 1.16.

Correlation coefficients

Central value f+(1) f+(1.08) f+(1.16) f0(1) f0(1.08) f0(1.16)
f+(1) 1.178± 0.046 1.000 0.989 0.954 0.507 0.518 0.525

f+(1.08) 1.082± 0.041 1.000 0.988 0.582 0.600 0.615

f+(1.16) 0.996± 0.037 1.000 0.650 0.676 0.698

f0(1) 0.902± 0.041 1.000 0.995 0.980

f0(1.08) 0.860± 0.038 1.000 0.995

f0(1.16) 0.821± 0.0363 1.000

and the differences between the results are well below one standard deviation.393

TABLE VII. Result of the combined fit to experimental and lattice QCD (FNAL/MILC and HPQCD) data for different

truncation orders of the BGL series. (Eq. (10)). Note that the value of a0,0 is not determined from the fit but inferred using

the kinematic constraint Eq. (7).

N = 2 N = 3 N = 4

a+,0 0.0127 ± 0.0001 0.0126 ± 0.0001 0.0126 ± 0.0001

a+,1 -0.091 ± 0.002 -0.094 ± 0.003 -0.094 ± 0.003

a+,2 0.34 ± 0.03 0.34 ± 0.04 0.34 ± 0.04

a+,3 – -0.2 ± 0.6 -0.2 ± 0.6

a+,4 – – 0.0 ± 1.0

a0,0 0.0115 ± 0.0001 0.0114 ± 0.0001 0.0114 ± 0.0001

a0,1 -0.058 ± 0.002 -0.057 ± 0.002 -0.057 ± 0.002

a0,2 0.23 ± 0.02 0.12 ± 0.04 0.12 ± 0.04

a0,3 – 0.3 ± 0.7 0.3 ± 0.7

a0,4 – – 0.0 ± 1.0

ηEW|Vcb| 40.61 ± 1.18 41.91 ± 1.23 41.91 ± 1.23

χ2/ndf 31.0/16 12.4/16 12.4/16

Prob. 0.014 0.716 0.716
394

395396397

TABLE VIII. Result of the combined fit to experimental data and different sets of lattice QCD data. The BGL series (Eq. (10))

is truncated after the cubic term.

Lattice data ηEW|Vcb|[10−3
] χ2/ndf Prob.

MILC [14] 41.84± 1.31 7.41/10 0.69

HPQCD [30] 41.97± 1.96 5.83/10 0.83

MILC & HPQCD [14, 30] 41.91± 1.23 12.40/16 0.72
398

399

V. SUMMARY400

We study the decay B → D�ν� in 711 fb−1 of Belle Υ(4S) data and reconstruct about 5200 B0 → D−�+ν� and401

about 11,800 B+ → D̄0�+ν� decays. We determine the differential width ∆Γ/∆w of the decay as a function of the402

recoil variable w = VB · VD.403

The branching fractions of the decays B+ → D̄0e+νe, B+ → D̄0µ+νµ, B0 → D−e+νe, and B0 → D−µ+νµ404

are obtained. The isospin-averaged branching fraction B(B0 → D−�+ν�) is determined to be (2.40 ± 0.03(stat) ±405

0.13(syst))%.406

We interpret our measurement of ∆Γ/∆w in terms of ηEW|Vcb| by using the currently most established method,407

i.e., by fitting ∆Γ/∆w to the Caprini, Lelouch and Neubert (CLN) form-factor parameterization and by dividing408

ηEWG(1)|Vcb| by the form factor normalization at zero recoil G(1) to obtain ηEW|Vcb|. Assuming the value G(1) =409

1.0541±0.0083 [14] we find ηEW|Vcb| = (41.05±1.40)×10−3. Recent lattice data also allows to perform a combined fit410
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703 fb-1 Glattauer, presented 
 at EPS-HEP 2015 
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 |Vcb| from B→ D* lν 

]-3|  [10
cb

 F(1) |V
EW
η

25 30 35 40 45

ALEPH
  1.3±  1.8 ±31.2 

CLEO
  1.6±  1.2 ±39.9 

OPAL excl
  1.5±  1.6 ±36.5 

OPAL partial reco
  2.4±  1.2 ±37.1 

DELPHI partial reco
  2.3±  1.4 ±35.3 

DELPHI excl
  2.0±  1.7 ±36.1 

BELLE
  1.0±  0.2 ±34.6 

BABAR excl
  1.0±  0.3 ±33.9 

BABAR D*0
  1.3±  0.6 ±35.2 

BABAR global fit
  1.1±  0.2 ±35.8 

Average
  0.4±  0.1 ±35.8 

HFAG
PDG 2014

/dof = 30.0/23 (CL = 15.00 %)2χ

Using:  

⇒ 
ηEWF(1) = 0.920 ± 0.014

|Vcb| = (38.94 ± 0.49exp ± 0.58theor) × 10−3

A. Bailey et al. [FNAL/MILC],  
PRD 89, 114504 (2014) 
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 |Vub| via B+ → τ +ν 

arXiv:1503.0561 (to appear in PRD): 
 
§   B+→ D(*)0l +ν, D*0 →D0γ, D0π0 ; D0→Kπ, Kππ0, Kπππ...	

§   τ→ µνν, eνν, πν, ρν (1 charged track) 
§   large backgrounds from b→ c (BB) and continuum 
§   signal is obtained by fitting the ECL (electromagnetic 

 calorimeter energy) distribution: peak new zero 
 indicates τ→ lνν, πν decay. 

§   ECL simulation is validated with identically tagged  
 B+→ D(*)0l +ν control sample 

222 ± 50 
(all chan.) 
3.8σ  

Hara et al., PRD 82, 071101 (2010) 605 fb-1 semi.tag 
Hara et al., PRL 110, 131801 (2013)  711 fb-1 had.tag 
Kronenbitter et al., arXiv:1503.0561 (2015) 711 fb-1 semi.tag 
   

Aubert et al., PRD 81, 051101 (2010) 418 fb-1 D0l tag  
Lees et al., PRD 88, 031102 (2013) 426 fb-1 hadr.tag 

Excess calorimeter energy (GeV) 

µνν 

eνν 
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 |Vub| via B+ → τ +ν 
Kronenbitter et al., arXiv:1503.05613 (2015) 

3

2

2

dm

K

Ksm & dm

SLubV

1
sin 2

(excl. at CL > 0.95)
 < 0

1
sol. w/ cos 2

 ubV
2

13
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95

Summer 14

CKM
f i t t e r

sin 2
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)
 

B
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(B
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0.3
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0.7

0.8

0.9

1.0
p-value

Summer 14

CKM
f i t t e r

   B(B+→ τ+ν ) = (1.25 ± 0.28 ± 0.27) x 10-4 

World average: 
   B(B+→ τ+ν ) = (1.14 ± 0.27) x 10-4  

 
Combining:  B(B+→ τ+ν ) = (1.176 ± 0.222) x 10-4   

There is tension is coming from |Vtd| measured in 
B0-B0 mixing, φ1 (β) and φ2 (α): sin2β = 0.665 ± 0.022 

∣∣∣Vub

∣∣∣ =(4.28 +0.39
−0.43) × 10−3⇒ 

Using fB = (190.5 ± 4.2) MeV  (PDG14) 



  A. J. Schwartz          Belle Results and Belle II Prospects  KITP Lattice 2015     15 

Constraint on Type II charged Higgs: B+→ τ+ν 

2-Higgs doublet model: 

B(B+ →τ+ν) = BSM ·
(

1 − m2
B

tan2 β

m2
H

)

Taking fB = (190.5 ± 4.2) MeV  and |Vub| = (4.13 ± 0.49) x 10-3  (PDG14) gives    
 BSM = (1.09 +0.27 

–0.24) x 10-4    
⇒  measurement B = (1.176 ± 0.222) x 10-4  gives a constraint in the tanβ-mH plane: 

H- 

Note: current measured value of B
(b→ sγ) excludes mH<400 GeV/c2 for all 
tanβ. 	

	

New Belle 711 fb-1 measurement: Saito et. 
al., PRD 91, 052004 (2015) 
 
Theory: Hermann, Misiak,& Steinhauser, 
JHEP 1211 (2012) 036; Misiak et al., PRL 
98, 022002 (2007) 

allowed 
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 |Vub| via exclusive B→ π lν 

] -4 10×) [ν + l-π → 0B(B
-2 0 2

+τ/0τ 2  × ν + l0π → +BABAR had. tag: B
 0.30± 0.41 ±1.52 

+τ/0τ 2  × ν + l0π → +BELLE had. tag: B
 0.08± 0.15 ±1.48 

+τ/0τ 2  × ν + l0π → +BABAR sl. tag: B
 0.15± 0.28 ±1.78 

+τ/0τ 2  × ν + l0π → +BELLE sl. tag: B
 0.15± 0.26 ±1.41 

 ν + l-π → 0BABAR had. tag: B
 0.19± 0.27 ±1.07 

 ν + l-π → 0BELLE had. tag: B
 0.07± 0.09 ±1.49 

 ν + l-π → 0BABAR sl. tag: B
 0.08± 0.21 ±1.38 

 ν + l-π → 0BELLE sl. tag: B
 0.15± 0.19 ±1.41 

 ν l π →CLEO untagged: B  
 0.11± 0.15 ±1.38 

ν l π → bins): B  2BABAR untagged (6 q
 0.08± 0.05 ±1.41 

ν l π → bins): B  2BABAR untagged (12 q
 0.06± 0.04 ±1.44 

ν l -π →  0BELLE untagged: B
 0.07± 0.04 ±1.48 

 ν + l-π → 0Average: B
 0.04± 0.02 ±1.45 

HFAG
PDG 2014

/dof = 3.4/11 (CL = 98.00 %)2χ

Table 75: Determinations of |Vub| based on the average partial B → π�ν decay branching

fractions stated in Table 74. The q2 ranges for the partial branching fractions corresponding

to the validity ranges of the form factor calculations are indicated. The first uncertainty is

experimental and the second is from theory.

Method q2 range [GeV2/c2] |Vub|[10−3]

Khodjamirian et al. (LCSR) [468] 0 – 12 3.41± 0.06+0.37
−0.32

Ball & Zwicky (LCSR) [469] 0 – 16 3.58± 0.06+0.59
−0.40

HPQCD (LQCD) [470] 16 – 26.4 3.52± 0.08+0.61
−0.40

FNAL/MILC (LQCD) [471] 16 – 26.4 3.36± 0.08+0.37
−0.31

Table 76: Summary of exclusive determinations of B(B → ρ�ν). The errors quoted correspond

to statistical and systematic uncertainties, respectively.

B[10−4]

CLEO ρ+ [474] 2.75± 0.41± 0.52
CLEO ρ+ [460] 2.93± 0.37± 0.37
Belle ρ+ [467] 3.22± 0.27± 0.24
Belle ρ0 [467] 3.39± 0.18± 0.18
Belle ρ+ [464] 2.17± 0.54± 0.32
Belle ρ0 [464] 2.47± 0.43± 0.33
BABAR ρ+ [461] 1.98± 0.21± 0.38
BABAR ρ0 [461] 1.87± 0.19± 0.32
Average 2.94 ± 0.11 ± 0.17

Table 77: Summary of exclusive determinations of B(B → ω�ν). The errors quoted correspond

to statistical and systematic uncertainties, respectively.

B[10−4]

Belle ω [475] 1.30± 0.40± 0.36
BABAR ω [462] 1.19± 0.16± 0.09
BABAR ω [476] 1.21± 0.14± 0.08
Belle ω [467] 1.07± 0.16± 0.07
BABAR ω [477] 1.35± 0.21± 0.11
Average 1.19 ± 0.08 ± 0.06

153

Dalgic et al. [HPQCD], PRD 73, 074502 (2006) 
Bailey et al. [FNAL/MILC], PRD 79, 054507 (2009) 

)2 (GeV2q
0 5 10 15 20 25

)
-2

 (G
eV

2
 q

Δ
B/

Δ

0

2

4

6

8

10

12

-610×
Belle untagged

Belle hadronic tag

BaBar untagged (6 bins)

BaBar untagged (12 bins)

Theory prediction used in fit

Theory prediction not used in fit

): FNAL/MILC2LQCD (high q

): Bharucha2LCSR (low q

Fitted BCL param. (3+1 par.)

HFAG
PDG 2014

Using BCL form factor parametrization: 

Bourrely, Caprini, 
Lellouch, PRD 79, 
013008 (2009) 
 
Bailey et al. [FNAL/
MILC], PRD 79, 
054507 (2009) 

|⇒   |Vub| = (3.28 ± 0.29) x 10-3 
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 |Vub| via inclusive B→ Xu lν 

]-3 10×|  [
ub

|V
2 4 6

) eCLEO (E
 0.50 + 0.31 - 0.36±4.28 

) 2, q
X

BELLE sim. ann. (m
 0.47 + 0.28 - 0.30±4.49 

) eBELLE (E
 0.46 + 0.27 - 0.29±4.93 

) eBABAR (E
 0.26 + 0.27 - 0.33±4.54 

) max
h, seBABAR (E

 0.22 + 0.33 - 0.38±4.53 
BELLE multivariate (p*) 

 0.27 + 0.20 - 0.22±4.49 
<1.55) XBABAR (m

 0.20 + 0.28 - 0.27±4.30 
<1.7) XBABAR (m

 0.23± 0.22 ±4.04 
>8) 2<1.7, qXBABAR (m

 0.23 + 0.26 - 0.28±4.30 
<0.66) +BABAR (P

 0.25 + 0.28 - 0.27±4.15 
BABAR (p*>1GeV) 

 0.24 + 0.19 - 0.21±4.32 
BABAR (p*>1.3GeV) 

 0.27 + 0.20 - 0.21±4.32 
Average +/- exp + th. - th.

 0.16 + 0.21 - 0.22±4.45 

HFAG
PDG14

Bosch, Lange, Neubert and Paz (BLNP)
Phys.Rev.D72:073006,2005

/dof = 9.0/11 (CL = 62.00 %)2χ

To reduce large backgrounds from B→ Xc lν , one must make cuts that severly restrict 
the acceptance. To calculate partial rates for such restricted regions requires 
complicated theoretical machinery. Five theory models are used. 

BLNP:  Lange, Neubert, Paz, PRD 72:073006 (2005) 
DGE: Andersen, Gardi, JHEP 0601:097 (2006); 

  arXiv:0806.4524 
GGOU:  Gambino, Giordano, Ossola, Uraltsev, JHEP 0710:058, 2007 
ADFR:  Aglietti, Di Lodovico, Ferrera , Ricciardi, EPJC, Vol. 59 (2009); 

  Aglietti, Ferrera, Ricciardi, Nucl. Phys. B768, 85 (2007) 
BLL:   Bauer, Ligeti Luke, PRD 64:113004 (2001) 

BLNP: 

Table 81: Summary of input parameters used by the different theory calculations, correspond-

ing inclusive determinations of |Vub| and their average. The errors quoted on |Vub| correspond

to experimental and theoretical uncertainties, respectively.

BLNP DGE GGOU ADFR BLL

Input parameters

scheme SF MS kinetic MS 1S
Ref. [499,500] Ref. [501] see Sec. 5.2.2 Ref. [501] Ref. [502]

mb (GeV) 4.569 ± 0.025 4.177 ±0.043 4.541 ±0.023 4.177 ±0.043 4.704 ±0.029
µ2
π (GeV2) 0.145

+0.091
−0.097 - 0.414 ±0.078 - -

Ref. |Vub| values

Ee [491] 4.28± 0.50+0.31
−0.36 3.90± 0.45+0.26

−0.28 4.21± 0.49+0.23
−0.33 3.44± 0.40+0.16

−0.16 -

MX , q2 [493] 4.49± 0.47+0.28
−0.30 4.46± 0.47+0.20

−0.22 4.50± 0.47+0.28
−0.31 3.94± 0.41+0.17

−0.17 4.68± 0.49+0.30
−0.30

Ee [492] 4.93± 0.46+0.27
−0.29 4.85± 0.45+0.21

−0.25 4.93± 0.46+0.17
−0.22 4.50± 0.42+0.20

−0.20 -

Ee [488] 4.54± 0.26+0.27
−0.33 4.34± 0.25+0.23

−0.25 4.50± 0.26+0.18
−0.25 3.94± 0.22+0.20

−0.19 -

Ee, smax
h [490] 4.53± 0.22+0.33

−0.38 4.17± 0.20+0.28
−0.29 - 3.64± 0.18+0.17

−0.17

p∗� [480] 4.49± 0.27+0.20
−0.22 4.63± 0.28+0.13

−0.13 4.60± 0.27+0.10
−0.11 4.52± 0.30+0.19

−0.19 -

MX [481] 4.30± 0.20+0.28
−0.27 4.53± 0.21+0.24

−0.22 4.29± 0.20+0.21
−0.22 3.84± 0.18+0.19

−0.19 -

MX [481] 4.04± 0.22+0.23
−0.23 4.26± 0.24+0.26

−0.24 4.09± 0.23+0.18
−0.19 3.76± 0.21+0.18

−0.17 -

MX , q2 [481] 4.30± 0.23+0.26
−0.28 4.27± 0.22+0.20

−0.20 4.32± 0.23+0.27
−0.30 3.76± 0.20+0.17

−0.16 4.50± 0.24+0.29
−0.29

P+ [481] 4.15± 0.25+0.28
−0.27 4.24± 0.26+0.37

−0.32 4.24± 0.26+0.32
−0.32 3.59± 0.22+0.19

−0.18 -

p∗� , (MX , q2) fit [481] 4.32± 0.24+0.19
−0.21 4.46± 0.24+0.13

−0.13 4.42± 0.24+0.09
−0.11 4.35± 0.24+0.18

−0.18 -

p∗� [481] 4.32± 0.27+0.20
−0.21 4.44± 0.27+0.15

−0.14 4.41± 0.27+0.10
−0.12 4.30± 0.27+0.19

−0.18 -

MX , q2 [494] - - - - 5.01± 0.39+0.32
−0.32

Average 4.45± 0.16+0.21
−0.22 4.52± 0.16+0.15

−0.16 4.51± 0.16+0.12
−0.15 4.05± 0.13+0.18

−0.11 4.62± 0.20+0.29
−0.29

Table 82: Summary of inclusive determinations of |Vub|. The errors quoted on |Vub| correspond

to experimental and theoretical uncertainties, except for the last two measurements where the

errors are due to the BABAR endpoint analysis, the BABAR b → sγ analysis [486], the theoretical

errors and Vts for the last averages.

Framework |Vub|[10−3]

BLNP 4.45± 0.15+0.20
−0.21

DGE 4.52± 0.16+0.15
−0.16

GGOU 4.51± 0.16+0.12
−0.15

ADFR 4.05± 0.13+0.18
−0.11

BLL (mX/q2 only) 4.62± 0.20± 0.29
LLR (BABAR) [486] 4.43± 0.45± 0.29
LLR (BABAR) [487] 4.28± 0.29± 0.29± 0.26± 0.28
LNP (BABAR) [487] 4.40± 0.30± 0.41± 0.23

155
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LHCb: |Vub| from Λb→ pl-ν decays LHCB-PAPER-2015-013 

⇒ 

⇒ 

B(Λb →pµ−ν̄)q2>15 GeV2

B(Λb →Λcµ
−ν̄)q2>7 GeV2

=
Npµ− ν̄

NΛcµ− ν̄




εΛcµ− ν̄

εpµ− ν̄



 =
|Vub|2

|Vcb|2
Rlattice

(1.00 ± 0.04 ± 0.08) × 10−2 =
|Vub|2

|Vcb|2
(1.470 ± 0.115 ± 0.104)

|Vub| = (3.27 ± 0.15exp ± 0.17theory ± 0.06Vcb
) × 10−3

8. Implications 15/17

Can new physics explain the puzzle?

Leff = −4GF√
2
V L
ub(ūγµPLb + �R ūγµPRb)(ν̄γµPLl) + h.c .

R!

3
 1

0
"

|  
L ub

|V

0.4# 0.2# 0 0.2 0.42

3

4

5

6

7

8
 (HFAG)uX

 (HFAG)$
 (HFAG)%

combined

Bernlochner, Karbach
Preliminary

contours hold 68% CL

Bernlochner et al.
[arXiv:1408.2516]

Also see Crivellin
[arXiv:0907.2461]

χ2/ndof = 2.8/1, p-value = 0.1
Fit favours a right handed current over SM (�R = 0).

Moriond Electroweak 2015 William Sutcliffe Vub from Λb → pµ−νµ

8. Implications 16/17

Can new physics explain the puzzle?

Leff = −4GF√
2
V L
ub(ūγµPLb + �R ūγµPRb)(ν̄γµPLl) + h.c .
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contours hold 68% CL

Bernlochner et al.
[arXiv:1408.2516]

Also see Crivellin
[arXiv:0907.2461]

χ2/ndof = 16.4/2, p-value = 3× 10−4

No longer possible to get a good global fit.
Moriond Electroweak 2015 William Sutcliffe Vub from Λb → pµ−νµ

Update to Bernlochner, Ligeti, & Turczyk, PRD 90, 094003 (2014) [Sutcliffe talk, Moriond Electroweak 2015]: 

8. Implications 16/17

Can new physics explain the puzzle?

Leff = −4GF√
2
V L
ub(ūγµPLb + �R ūγµPRb)(ν̄γµPLl) + h.c .
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 (LHCb)b&
combined

Bernlochner, Karbach
Preliminary

contours hold 68% CL

Bernlochner et al.
[arXiv:1408.2516]

Also see Crivellin
[arXiv:0907.2461]

χ2/ndof = 16.4/2, p-value = 3× 10−4

No longer possible to get a good global fit.
Moriond Electroweak 2015 William Sutcliffe Vub from Λb → pµ−νµ

[Detmold, Lehner, & Meinel, 
 arXiv:1503.01421] 
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Constraint on Type II charged Higgs: B→ D(*)τν 

Measured values of these ratios have 
traditionally been above SM (SM)  
predition. Current averages are ~ 4σ 
high. Belle II should resolve this. 
 
These values in turn can be used to 
constrain a charged Higgs 
[Lees et al., PRD 88, 072012 (2013); 
PRL 109, 101802 (2012)] 

H- B→ D(*)τν can also receive contribution from a 
charged Higgs, changing the rate, q2 distribution, 
etc. 

Define ratios:  

RD∗ ≡
B(B →D∗τν)

B(B →D∗#ν)
RD ≡

B(B →Dτν)

B(B →D#ν)

RD 

RD* 
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Constraint on Type II charged Higgs: B→ D(*)τν 

2-Higgs  
doublet 
model: 

R2HDM
D(∗) = RSM

D(∗) + A(∗)

(
tan β

mH

)2

+ B(∗)

(
tan β

mH

)4

§  Use hadronically tagged events (as done for B→Dℓν  analysis).  

§  On signal side consider only  τ→ eνν, τ→ µνν  (to minimize systematic uncertainty): 
select D(*)µ and D(*) e on signal side 

§  calculate missing mass squared: 

§  for M2
miss < 0.85 (B→D(*) ℓν  dominated), fit M2

miss spectrum directly for B→Dℓν  yield 

§  for M2
miss > 0.85 (B→D(*)τν  dominated), fit a NN spectrum to obain B→D(*)τν  yield, 

because M2
miss  cannot discriminate between D(*)τν  signal and D**ℓν background. NN 

has 8 inputs, but most discrimination power comes from EECL (unassociated energy in 
calorimeter) and pℓ* (lepton momentum in CM frame) 

D∗ D

RSM 0.252 ± 0.003 0.297 ± 0.017

A −0.230 ± 0.029 −3.25 ± 0.32

B 0.643 ± 0.085 16.9 ± 2.0

703 fb-1 Huschle, arXiv:1507.03233, submitted to PRD 

RD∗ ≡
B(B →D∗τν)

B(B →D∗#ν)
RD ≡

B(B →Dτν)

B(B →D#ν)

M2
miss =

(
Pbeam − PD − P!

)2
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B→ D(*)τν  	
(cont’d) 703 fb-1 Huschle, arXiv:1507.03233,  
  submitted to PRD 
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B→ D(*)τν  	
(cont’d) 703 fb-1 Huschle, arXiv:1507.03233,  
  submitted to PRD 
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B→ D(*)τν  	
(cont’d) 

Sample Component Yield Expected yield

D+!− ! normalization 844 ± 34 870

D+!− ! CF 924 ± 47 970

D+!− D∗∗ BG 108 ± 38 133

D0!− ! normalization 2303 ± 64 2290

D0!− ! CF 7324 ± 122 7440

D0!− D∗∗ BG 131 ± 81 210

D∗+!− ! normalization 1609 ± 43 1680

D∗+!− D∗∗ BG 36 ± 18 76

D∗0!− ! normalization 2188 ± 60 2280

D∗0!− D∗∗ BG 117 ± 39 40

703 fb-1 Huschle, arXiv:1507.03233,  
  submitted to PRD 

Results  

B→D(*)ℓν  (normalization) yields: 

B→D(*)τν signal yields: 
 N(Dτν)  = 320 
 N(D*τν) = 503 

RD∗ = 0.293 ± 0.038 ± 0.015

RD = 0.375 ± 0.064 ± 0.026

R(D)
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R
(D
*)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0

1

2

3

4

SM
BaBar
Belle



  A. J. Schwartz          Belle Results and Belle II Prospects  KITP Lattice 2015     24 

B→ D(*)τν  	
(cont’d) 

For a Type II charged Higgs doublet model (2HDM), the kinematic distribution of the τν 
changes, and thus the PDFs used to fit the data changes  →  must refit  ⇒ results depend 
on tanβ/MH . 

/GeV)2(c+H
/mβtan

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

)) *(
R

(D

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

R(D)

R(D*)

SM

theor. R(D)
measured R(D)
theor. R(D*)
measured R(D*)

703 fb-1 Huschle, arXiv:1507.03233,  
  submitted to PRD 

R(2HDM)
D∗ = 0.301 ± 0.039 ± 0.015

R(2HDM)
D = 0.329 ± 0.060 ± 0.022

Result for 2HDM on tanβ/MH = 0.5: 

⇒  results compatible with 2HDM 
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Lees et al., PRD 88, 072012 (2013); PRL 109, 101802 (2012) 

Use hadronically tagged events with a Dµ or De on signal side. Perform 2-d fit to lepton momentum 
spectrum and missing mass, simultaneously for 8 subsamples (neutral/charged/µ/e) 
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Final results: 
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0.2

0.3

0.4

t
0 0.2 0.4 0.6 0.8 1

R
(D
*)

0.2

0.3

0.4

RD∗ = 0.332 ± 0.024 ± 0.018

RD = 0.440 ± 0.058 ± 0.042

favored: 
0.44 ±0.02 

favored: 
0.75 ±0.04 

As before, results 
higher than SM. But 
2HDM cannot explain 
it, inconsistent at 3.1σ 
level  

tanβ / mH  (GeV-1) 

B→ D(*)τν :  BaBar 
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B→ D(*)τν : HFAG 

R(D)
0.2 0.4 0.6

BaBar

 0.042± 0.058 ±0.440 

Belle

 0.026± 0.064 ±0.375 

Average 

 0.028± 0.041 ±0.391 

SM prediction 

 0.017±0.297 

HFAG
Prel. EPS15

/dof = 0.4/ 1 (CL = 52.00 %)2χ

R(D*)
0.2 0.3 0.4

BaBar
 0.018± 0.024 ±0.332 

Belle
 0.015± 0.038 ±0.293 

LHCb
 0.030± 0.027 ±0.336 

Average 
 0.012± 0.018 ±0.322 

SM prediction
 0.003±0.252 

HFAG
Prel. EPS15

/dof = 0.4/ 1 (CL = 52.00 %)2χ

R(D)
0.2 0.3 0.4 0.5 0.6

R(
D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, arXiv:1507.03233
LHCb, arXiv:1506.08614
Average

 = 1.02χΔ

SM prediction

HFAG

EPS 2015

) = 55%2χP(

HFAG
Prel. EPS2015

SM Predictions: 
R(D) =0.297 +- 0.017  [Kamenik & Mescia, PRD 78, 014003 (2008)] 
R(D*)=0.252 +- 0.003 [Fajfer et al., PRD 85, 094025 (2012)] 
 
More Recent SM Predictions (Lattice): 
R(D) =0.299 +- 0.011 [Bailey et al. (FNAL/MILC), arXiv:1503.07237] 
R(D) =0.300 +- 0.008 [Na et al. (HPQCD), arXiv:1505.03925] 
 
In both cases discrepancy between SM and data is 3.9σ	
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KEKB → SuperKEKB (nano-beam) 

e- 2.6 A 

e+ 3.6 A 

To get 40x higher luminosity 

Colliding bunches 

Damping ring 

Low emittance gun 

Positron source 

New beam pipe 
& bellows 

Belle II 

New IR 

TiN-coated beam pipe 
with antechambers 

Redesign the lattices of HER & 
LER to squeeze the emittance  

Add / modify RF systems 
for higher beam current 

New positron target / 
capture section 

New superconducting /
permanent final focusing  
quads near the IP 

Low emittance 
electrons to inject 

Low emittance 
positrons to inject 

Replace short  dipoles 
with longer ones (LER) 



  A. J. Schwartz          Belle Results and Belle II Prospects  KITP Lattice 2015     28 

The Belle II Detector 

28	


7.4 m 

Time-of-Flight, Aerogel 
Cherenkov Counter → 
Time-of-Propagation counter 
(barrel),   
prox. focusing Aerogel RICH 
(forward) 

RPC µ & KL counter:  
scintillator + Si-PM  
for end-caps 

5.0 m 

CsI(Tl) EM calorimeter:  
waveform sampling  
electronics, pure CsI  
for end-caps 

4 layers DS Si Vertex  
Detector →  
2 layers PXD (DEPFET),  
4 layers DSSD  

Central Drift Chamber:  
smaller cell size,  
long lever arm 
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Belle II Physics Program I arXiv:1002.5012 (Belle II) 
see also: arXiv:1008.1541 (SuperB)   

Table 1.2: Expected errors on several selected flavour observables with an integrated luminosity of 5 ab−1 and

50 ab−1 of Belle II data. The current results from Belle, or from BaBar where relevant (denoted with a †) are also

given. Items marked with a ‡ are estimates based on similar measurements. Errors given in % represent relative

errors.

Observables Belle Belle II

(2014) 5 ab−1 50 ab−1

UT angles sin 2β 0.667 ± 0.023 ± 0.012 [64] 0.012 0.008

α [◦] 85 ± 4 (Belle+BaBar) [24] 2 1

γ [◦] 68 ± 14 [13] 6 1.5

Gluonic penguins S(B → φK0) 0.90
+0.09
−0.19 [19] 0.053 0.018

S(B → η�K0) 0.68 ± 0.07 ± 0.03 [65] 0.028 0.011

S(B → K0
SK0

SK0
S) 0.30 ± 0.32 ± 0.08 [17] 0.100 0.033

A(B → K0π0) −0.05 ± 0.14 ± 0.05 [66] 0.07 0.04

UT sides |Vcb| incl. 41.6 · 10−3(1 ± 1.8%) [8] 1.2%

|Vcb| excl. 37.5 · 10−3(1 ± 3.0%ex. ± 2.7%th.) [10] 1.8% 1.4%

|Vub| incl. 4.47 · 10−3(1 ± 6.0%ex. ± 2.5%th.) [5] 3.4% 3.0%

|Vub| excl. (had. tag.) 3.52 · 10−3(1 ± 8.2%) [7] 4.7% 2.4%

Missing E decays B(B → τν) [10−6] 96(1 ± 27%) [26] 10% 3%

B(B → µν) [10−6] < 1.7 [67] 20% 7%

R(B → Dτν) 0.440(1 ± 16.5%) [29]† 5.2% 2.5%

R(B → D∗τν)† 0.332(1 ± 9.0%) [29]† 2.9% 1.6%

B(B → K∗+νν) [10−6] < 40 [30] < 15 30%

B(B → K+νν) [10−6] < 55 [30] < 21 30%

Rad. & EW penguins B(B → Xsγ) 3.45 · 10−4(1 ± 4.3% ± 11.6%) 7% 6%

ACP (B → Xs,dγ) [10−2] 2.2 ± 4.0 ± 0.8 [68] 1 0.5

S(B → K0
Sπ0γ) −0.10 ± 0.31 ± 0.07 [20] 0.11 0.035

S(B → ργ) −0.83 ± 0.65 ± 0.18 [21] 0.23 0.07

C7/C9 (B → Xs��) ∼20% [36] 10% 5%

B(Bs → γγ) [10−6] < 8.7 [42] 0.3 −
B(Bs → ττ) [10−3] − < 2 [44]‡ −

13
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Belle II Physics Program II 

+ rare B decays, DsJ /X/Y/Z studies, Bs physics at ϒ(5S), etc. 

arXiv:1002.5012 (Belle II) 

Table 1.3: Continued from previous page

Observables Belle Belle II

(2014) 5 ab−1 50 ab−1

Charm Rare B(Ds → µν) 5.31 · 10−3(1 ± 5.3% ± 3.8%) [46] 2.9% 0.9%

B(Ds → τν) 5.70 · 10−3(1 ± 3.7% ± 5.4%) [46] 3.5% 3.6%

B(D0 → γγ) [10−6] < 1.5 [49] 30% 25%

Charm CP ACP (D0 → K+K−) [10−2] −0.32 ± 0.21 ± 0.09 [69] 0.11 0.06

ACP (D0 → π0π0) [10−2] −0.03 ± 0.64 ± 0.10 [70] 0.29 0.09

ACP (D0 → K0
Sπ0) [10−2] −0.21 ± 0.16 ± 0.09 [70] 0.08 0.03

Charm Mixing x(D0 → K0
Sπ+π−) [10−2] 0.56 ± 0.19 ± 0.07

0.13 [52] 0.14 0.11

y(D0 → K0
Sπ+π−) [10−2] 0.30 ± 0.15 ± 0.05

0.08 [52] 0.08 0.05

|q/p|(D0 → K0
Sπ+π−) 0.90 ± 0.16

0.15 ± 0.08
0.06 [52] 0.10 0.07

φ(D0 → K0
Sπ+π−) [◦] −6 ± 11 ± 4

5 [52] 6 4

Tau τ → µγ [10−9] < 45 [71] < 4.6 < 0.5

τ → eγ [10−9] < 120 [71] < 12 < 1.2

τ → µµµ [10−9] < 21.0 [72] < 4.5 < 0.5

14

Bs→ φγ : B = (3.6 ±0.5 ±0.6) x 10-5 

[Dutta et al., PRD91, 011101 (2015)] 
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Measuring a charged Higgs: B+→ τ+ν 

2-Higgs doublet model: 

Using fB = (191 ± 9) MeV  (HPQCD, PDG12),  |Vub| = (4.15 ± 0.49) x 10-3 (PDG12) 
one obtains BSM = (1.11 ± 0.28) x 10-4 

B(B+ →τ+ν) = BSM ·
(

1 − m2
B

tan2 β

m2
H

)

⇒ lack of a signal constrains tanβ and mH will notably improve in 50 ab-1: 

Assume Δexp　~ 1/√L,  
ΔfB|Vub| = 4 %  
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Measuring |Vcb| and |Vub| 

3σ discrepancy between exclusive and inclusive measurements for |Vub|.  
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Belle II installation schedule 
Construction & Commissioning Schedule 
Calendar 2013 2014 2015 2016 2017 

SuperKEKBMai
n Ring 

SuperKEKBDa
mping Ring 

Belle II!
Integration 

fabrication & test of components 

final assembly, RF-conditioning 

fabrication & test of 
components 

installation, assembly and set-up 

installation, assembly and 
set-up 

Phase-1 Phase-2 Physics Run 

QCS-L 
QCS-R 

B-KLM 
E-KLM ARICH 

CDC 

ECL 

VXD 

w/o Belle II detector 
w/o QCS 

w/ Belle II detector 
except for VXD 

TOP 

23 

2015: 
KEKB 
commissioning 
 
2016: 
Belle detector 
commissioning 
 
2017 
first physics data 
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Summary 
 
§  New results still coming from Belle with full 711 fb-1 data set (and some from 

BaBar). Here we presented results for B→Dℓν  B→ τν, and B→ D(*)τν. Βest 
knowledge of  |Vcb|, |Vub |, where LQCD plays a crucial. 

§  Belle II now under construction, will begin commissioning over next 2 years. The 
new experiment should reduce both statistical and theoretical errors on |Vcb|, |
Vub |, and many other SM/UT triangle parameters, greatly improving our 
senstivity to new physics. The physics program should be complementary to 
LHCb providing the best sensitivity to final states with γ, π0,η, ρ+, ω	


§  To fully exploit the data of Belle II will require parallel improvement in LQCD 
calculations – the symbiosis between the two has great potential to uncover NP. 

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

�
BBs/(fB

√
BB).

Quantity CKM Present 2007 forecast Present 2018

element expt. error lattice error lattice error lattice error

fK/fπ |Vus| 0.2% 0.5% 0.5% 0.15%

fKπ
+ (0) |Vus| 0.2% – 0.5% 0.2%

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

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

D → π�ν |Vcd| 2.6% – 4.4% 2%

D → K�ν |Vcs| 1.1% – 2.5% 1%

B → D∗�ν |Vcb| 1.3% – 1.8% < 1%

B → π�ν |Vub| 4.1% – 8.7% 2%

fB |Vub| 9% – 2.5% < 1%

ξ |Vts/Vtd| 0.4% 2-4% 4% < 1%

∆Ms |VtsVtb|2 0.24% 7–12% 11% 5%

BK Im(V 2
td) 0.5% 3.5–6% 1.3% < 1%

which have proven to be quite accurate. The forecasts shown for future improvements are

discussed in Sec. IV and Appendix A.

It is important to note that, of the quantities in Table I, only for fK/fπ was a result available

in 2007 with all errors controlled. All other calculations have matured from having several

errors uncontrolled to all errors controlled over the last five years. For B → D(∗) form factors

and fB, lattice errors are at, or below, the level of the corresponding experimental errors.

USQCD calculations have played the major role in these reductions, and have solidified

the error estimates by performing multiple calculations of several quantities using different

fermion discretizations. For example, the world average for BK is based on four different

calculations, three of which were carried out under the auspices of USQCD.

These improvements have been possible because of a combination of the roughly 10-fold

increase in computational resources, significant algorithmic improvements, and improved

methods of theoretical analysis of the numerical data. The net effect has been that calcu-

lations have been possible with light-quark masses much closer to the physical values and

with several lattice spacings and volumes to control discretization and finite-volume errors.

Improved actions for domain-wall and staggered light quarks have reduced discretization er-

rors. Smaller lattice spacings have allowed the use of relativistic charm quarks (rather than

a heavy-quark action), increasing the precision in the charm sector, and enabling direct

simulation of the charm sea.

On the theoretical side, a major advance has been the introduction of so-called SMOM renor-

malization schemes for applying nonperturbative renormalization (NPR) to bilinears [32] and

four-fermion operators [33]. These schemes use non-exceptional momentum configurations,

which significantly reduces long distance contributions to correlation functions, and so leads

9

US LQCD 
2013 white 
paper:  

 |Vcb| = 0.0425 ± 0.0009   (inclusive) 
 |Vcb| = 0.0389 ± 0.0008   (exclusive) 
 |Vcb| = 0.0409 ± 0.0013   (B→Dlν) 

 |Vub| = 0.00450 ± 0.00020   (inclusive) 

 |Vub| = 0.00328 ± 0.00030  (exclusive) 

 |Vub| = 0.00428 ± 0.00040   (B→τν) 

 |Vub| = 0.00327 ± 0.00024   (Λb LHCb) 
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Extra 

Extra Slides 
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Comparing Tree and Penguin φ1 (β ) 

B0→ J/ψ K0 
B0→ φ K0 

B0→ η’ K0 
B0→ K0K0K0 

dominated by vertex resolution, 
which will improve: 61→ ∼18 µm 

dN

dt
∝ e−Γt [ 1 + q (A cos ∆mt + S sin ∆mt) ]
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Radiative decays  b→ sγ , b→ dγ  plus b→ sl+l-  

1-loop suppressed in SM  ⇒ esp. sensitive to NP: 

b s 
W± 

u, c, t 
Vqb Vqs 

γ	


b s 

u, c, t 
X Y 

H± 

γ	


Many observables that probe new physics: 
 
•   inclusive B→ Xs γ ,  B→ Xd γ , and B→ Xs l+l- branching fractions 
•   forward-backwards asymmetry and q2 dependence in B→ Xs l+l- 	

•   direct CPV in B→ Xs γ 	


•  	
 exclusive B→ K*γ  and B→ ργ  branching fractions 
•   forward-backwards asymmetry and q2 dependence in B→ K*

 l+l- 	

•  	
 direct CPV in B+→ K*+ γ 	

•  	
 time-dependent CPV in B0→ K*0γ , B0→ ρ0γ 	


•   photon polarization with photon conversion	

•  	
 lepton flavor dependence in b→ sl+l-	
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Belle II Prospects for τ  !"#"$%&'$()'%*#&(+&#,"&-!.&
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τ+→ µ+γ  

τ+ → µ +µ +µ –  

upper half of signal 
ellipse dominated by 

 ee→ µµ γISR  
⇒ possible to reduce ⇒ 
sensitivity scales 

 with √L 

very clean, essentially 
background-free up to 
50 ab-1   
⇒ sensitivity scales 

 linearly with L !"#$%&'#$()*(+," %-(./"%,01(2,$#31(
4/"%,01(2,$#31(!"#$%&'()*(+,"( (

reference !

SM + heavy Maj R 
PRD 66(2002)034008 10-9 10-10 

Non-  PLB 547(2002)252 10-9 10-8 

SUSY SO(10) PRD 68(2003)033012 10-8 10-10 

mSUGRA+seesaw PRD 66(2002)115013 10-7 10-9 

SUSY Higgs PLB 566(2003)217 10-10 10-7 

56#1#(-027#"1(/"#('6#(2,1'(,!'%2%1'%&(&/1#8(

90"(1#-1%'%.%':(;<=>?@A("#/&6#1(!,11%73#("#B%,-(',(+%-$( (C*4D(

@'6EF/"EG>=G( H(IJI(**(K,"L16,!(

Upper Limits:  
σ(ee→ ττ) = 0.92 nb           ⇒ 
4.6 x 1010 τ+τ-  in 50 ab-1   
⇒ B(τ+→ µ+γ ) < ~10-9 

⇒ B(τ+→ µ+µ-µ + ) < ~10-10 

This probes NP models 


