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|Vcb|, |Vub| and the Unitarity Triangle
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•New physics searches in the flavour sector require precise and over-
constraining measurements of the sides and angles of the Unitarity Triangle.

•Must measure CKM matrix elements, fundamental parameters of the 
Standard Model and cannot be predicted. 

•|Vcb| and |Vub|  have a special role in the UT

•Accessible from Tree Level processes. 

•Free of New Physics in loops

29 September 2006 M. Morii, Harvard

ν

7

 Natural probe for |Vub| and |Vcb|

 Decay rate Γx ≡ Γ(b → xν) ∝ |Vxb|2

 |Vub /Vcb| ≈ 0.1 � Γc larger than Γu by a factor ~50

 Extracting b → uν signal challenging

 Sensitive to hadronic effects

 Must understand them to extract |Vub|, |Vcb|

Semileptonic B Decays

ν

29 September 2006 M. Morii, Harvard

ν

7

 Natural probe for |Vub| and |Vcb|

 Decay rate Γx ≡ Γ(b → xν) ∝ |Vxb|2

 |Vub /Vcb| ≈ 0.1 � Γc larger than Γu by a factor ~50

 Extracting b → uν signal challenging

 Sensitive to hadronic effects

 Must understand them to extract |Vub|, |Vcb|

Semileptonic B Decays

Parton level

ν

2004 PDG Prec.

|Vtd/Vts| <0.25

Φ1 (23.5±2.1) 9%

|Vub/Vcb|  
inclusive

0.113 ± 0.21 18%
Φ1
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 Natural probe for |Vub| and |Vcb|

 Decay rate Γx ≡ Γ(b → xν) ∝ |Vxb|2

 |Vub /Vcb| ≈ 0.1 � Γc larger than Γu by a factor ~50

 Extracting b → uν signal challenging

 Sensitive to hadronic effects

 Must understand them to extract |Vub|, |Vcb|

Semileptonic B Decays

Parton level

ν

2012 PDG Prec.

|Vtd/Vts| 0.214±0.006 0.5%

Φ1 (21.4±0.8) 3.7%

|Vub/Vcb| 
inclusive

0.097±0.007 7.0%
Φ1

•New physics searches in the flavour sector require precise and over-
constraining measurements of the sides and angles of the Unitarity Triangle.

•Must measure CKM matrix elements, fundamental parameters of the 
Standard Model and cannot be predicted. 

•|Vcb| and |Vub|  have a special role in the UT

•Accessible from Tree Level processes. 

•Free of New Physics in loops
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Semileptonic B decays
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Decay properties depend 
directly on |Vcb| & |Vub| and mb

in the perturbative regime (αs
n).

tree level, short distance:

c

e

ν

b → c e ν

W

b
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Semileptonic B decays

5

Decay properties depend 
directly on |Vcb| & |Vub| and mb

in the perturbative regime (αs
n).

tree level, short distance:

But quarks are bound by soft 
gluons: non-perturbative  

long distance interactions of b 
quark with the light quark in 
the B meson.+ long distance:

B → D e ν

W

e

ν

]Dc

B[ b

Heavy Quark Effective 
Theory: Precise tools 
to describe dynamics 
of the b quark 

Departure from the heavy quark symmetry can 
be expressed as (ΛQCD/mQ)n corrections 
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Inclusive versus Exclusive
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Inclusive vs. Exclusive
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Inclusive |Vcb|

Inclusive |Vub|

Exclusive |Vcb|

Exclusive |Vub|

Two Complementary approaches using different theoretical 
tools, and different experimental signatures.
→Crucial independent consistency check.

BF~ 25%

BF~ 0.5%



|Vcb|
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Theoretical Tools for Inclusive Semileptonic b Decays
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b  

Non perturbative 
parameters
need to be derived from 
data.

mb ,mc: renormalisation scheme dependent quantities

Large error from mb
5

mb ,mc: renormalisation scheme dependent quantities

Large error from mb
5

ΛQCD
2/mb

2
μπ

2(-λ1) - kinetic energy of b quark,
μG

2(λ 
2) - chromomagnetic coupling 

ΛQCD
3/mb

3 ρD, ρLS (ρ1,τ1-3) (Spin-orbit, Darwin terms)

Measure moments integrated over large phase space to allow 
assumption of quark-hadron dualityV. Lüth FPCP 2012 @ Hefei 2012 14 

|Vcb| from Inclusive B→ Xc lν Decays:  OPE 

!  Operator Product Expansion relates parton to meson decay rate:  1/mb  , αs(mb) 

 
                                                 

!  Contrary to differential distributions, low-order moments over large phase space 
avoid problem with quark-hadron duality 

!  Moments can be calculated for cut-off in El (add B � Xsγ, sensitivity to mb) 

 
 

!  Calculations in “kinetic”     and     “1S” mass schemes 
     Benson, Bigi, Gambino, Mannel, Uraltsev        Bauer, Ligeti, Luke, Manohar, Trott, 

!   Global fit to extract 8 parameters: |Vub|, BF, mc, mb, µπ2, µG
2, ρD

3, ρLS
3 

!  >60 measured moments available from DELPHI, CLEO, BABAR, Belle, CDF 
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Non-perturbative  
parameters 

quark masses Cut-off 

r=mc/mb Non-perturbative
suppressed by 1/mb

2
QCD Pert.Free quark decay

Operator Production Expansion predicts the total rate as:
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|Vcb| from Inclusive B→Xcl+ν
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M.Rotondo 148
th
 Meeting on B Physics,  6 Feb 2012

|Vub| From Inclusive B→Xuℓν 
▶ Large background from B→Xcℓν: 

● Kinematics to extract the signal (lepton endpoint, 
MX<MD,...)

B
reco

 tag + 

1 lepton 

with Pℓ>1 GeV  

Total number of tagged 

B mesons: 

      ~200K events

B+ B0

Comb. background

lepton

neutrino

Breco →  D(*)Y

X

Bsig →  Xℓν

N
o

t 
to

 s
ca

le

b→ uℓν
b→ cℓν

● Experimental 
Resolution leads to 

irreducible b cℓν 

contamination 

Use hadronic tag Btag → D(*)Y  to 

reduce combinatorial and 
reconstruct MX, q2 and P+ = EX - 

pX  with good resolution

•Use hadronic tag  Btag→ D(*)Y (Y=nπ,mπ0,pKs,qK), 
to fully constrain the signal side B properties:

➝tag - charge - momentum 

New, improved hadronic tag method introduced 
by Belle in 2012 (see Y. Yook)

Used for many neutrino mode analyses, even for rare B→l+ν!

V. Lüth FPCP 2012 @ Hefei 2012 14 

|Vcb| from Inclusive B→ Xc lν Decays:  OPE 

!  Operator Product Expansion relates parton to meson decay rate:  1/mb  , αs(mb) 

 
                                                 

!  Contrary to differential distributions, low-order moments over large phase space 
avoid problem with quark-hadron duality 

!  Moments can be calculated for cut-off in El (add B � Xsγ, sensitivity to mb) 

 
 

!  Calculations in “kinetic”     and     “1S” mass schemes 
     Benson, Bigi, Gambino, Mannel, Uraltsev        Bauer, Ligeti, Luke, Manohar, Trott, 

!   Global fit to extract 8 parameters: |Vub|, BF, mc, mb, µπ2, µG
2, ρD

3, ρLS
3 

!  >60 measured moments available from DELPHI, CLEO, BABAR, Belle, CDF 
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quark masses Cut-off 
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Moments can be calculated 
for cut-off in El

•λ1 and mb, and thus |Vcb| from 
“moments” in semileptonic 
decays

•Need high resolution access to B rest frame, unfolded 
observables:

Hadronic invariant  mass

Lepton momentum
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|Vcb| Determination
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FIG. 2: Measured electron momentum spectra from B+ and B0 decays before background subtrac-
tion, overlaid with the various backgrounds and the MC signal. Secondaries also includes hadron
fakes. The errors shown are statistical only.

TABLE I: Electron yields for p∗Be ≥ 0.4 GeV/c. The errors are statistical only.

B candidate B+ B0

On Resonance Data 6423 ± 80 5403 ± 74

Scaled Off Resonance 249 ± 48 209 ± 39

Combinatorial Background 1244 ± 20 696 ± 13

Secondary (Inc. Hadron Fakes) 555 ± 11 1843 ± 22

B → Xueν 74 ± 5 57 ± 6

Background Subtracted 4300 ± 96 2597 ± 87

by performing an unfolding procedure based on the Singular Value Decomposition (SVD)
algorithm [35]. The reliability of the unfolding procedure is dependent on the agreement
between data and MC simulation, both for the physics models and the detector response.
Studies of MC show that there are no biases due to the SVD unfolding algorithm.

The unfolded spectrum is corrected for QED radiative effects using the PHOTOS algo-
rithm [34], as the OPE does not have O(α) QED corrections. The unfolded electron energy
spectrum and the bin-to-bin statistical covariance matrix calculated with the unfolding al-
gorithm are shown in Fig. 3 (for illustrative purposes only, as the full error analysis is
performed on a moment measurement basis).
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FIG. 2: Measured hadronic mass spectrum for different lepton energy thresholds. The points
with error bars are the experimental data after subtraction of the continuum background. The

histograms show the B → Xc!ν signal and the different background components, explained in more
detail in the text.

III. RESULTS AND SYSTEMATIC UNCERTAINTIES

A. Results

Our measurements of 〈M2
X〉, 〈(M

2
X−〈M2

X〉)
2〉 and 〈M4

X〉 for different lepton energy thresh-
olds are shown in Table II and Fig. 3. The sub-sample results for a given charge of Btag

(B+, B0) or lepton type (electron, muon) are compatible within their statistical uncertainty
only.

9

PU et al., PRD.75.032001 (2007)
PU et al., PRD.75.032005 (2007)

•Inclusive semileptonic decays recoiling against fully reconstructed hadronic tagged Bs
•Unfold measured spectra & apply radiative corrections to obtain true distributions

140 fb-1
140 fb-1

The hadronic XThe hadronic Xcc systemsystem

!"#

$!#

! !%#

??

&

&'

&''

HQET:

GroundGround

statesstates
BroadBroad

statesstates
NarrowNarrow

statesstates

for L=1 " jq=1/2, jq=3/2

A. OyangurenEPS ‘05 - Lisboa 4

Truth
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|Vcb| Global Fit to B→Xclν & B→Xsγ

•Δ|Vcb|/|Vcb|~1-2% dominated by theory 
uncertainties.

11

 (GeV)bm
4.55 4.6

|
cb

|V

0.04

0.041

0.042

0.043

 constraint� s  X
 constraintc  m

HFAG
 EOF11

– 13–

µ2
G can be extracted from the mass splitting in the lowest

spin-symmetry doublet of heavy mesons [60]

µ2
G(µ) =

3

4
CG(µ, mb)(M

2
B∗ − M2

B), (21)

where CG(µ, mb) is a perturbatively-computable coefficient

which depends on the scheme. In the kinetic scheme we have

µ2
G(1GeV) = 0.35+0.03

−0.02 GeV2. (22)

Determination of HQE Parameters and |Vcb|

Several experiments have measured moments in B → Xc!ν!

decays [61–69] as a function of the minimum lepton momentum.

The measurements of the moments of the electron energy

spectrum (0th-3rd) and of the squared hadronic mass spectrum

(0th-2nd) have statistical uncertainties that are roughly equal

to their systematic uncertainties. They can be improved with

more data and significant effort. The sets of moments measured

by each experiment have strong correlations; the full statistical

and systematic correlation matrices are required to allow these

to be used in a global fit. Measurements of photon energy

moments (0th-2nd) in B → Xsγ decays [70–74] as a function

of the minimum accepted photon energy are still primarily

statistics limited.

Global fits to the full set of moments [69,71,75–78] have

been performed in the 1S and kinetic schemes. The semilep-

tonic moments alone determine a linear combination of mb

and mc very accurately but leave the orthogonal combina-

tion poorly determined [79]; additional input is required to

allow a precise determination of mb. This additional informa-

tion can come from the radiative B → Xsγ moments, which

provide complementary information on mb and µ2
π, or from

precise determinations of the charm quark mass [80,81]. The

values obtained in the kinetic scheme fits [77] with these two

constraints are consistent. Based on the charm quark mass

constraint [80], mMS
c (3 GeV) = 0.998 ± 0.029 GeV,

|Vcb| = (41.88 ± 0.44 ± 0.59) × 10−3 (23)

mkin
b = 4.560 ± 0.023 GeV (24)

µ2
π(kin) = 0.453 ± 0.036 GeV2, (25)

June 18, 2012 15:24

PU et. al. , PRD 78, 032016 (2008)
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FIG. 7: Comparison of the measured electron energy moments and the kinetic scheme predictions

(upper row), and difference between the measurements and the predictions (lower row). The error
bars show the experimental uncertainties. The error bands represent the theory error. Filled circles

are data points used in the fit, and open circles are unused measurements.
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FIG. 5: Same as Fig. 4 for the measured hadronic mass and photon energy moments and the

1S scheme predictions.
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FIG. 6: ∆χ2 = 1 contours for the fit to all moments and the fit to the B → Xc"ν data only.

2. The Fit

As in the 1S scheme case, the fit is performed using the χ2 minimization technique and the
MINUIT program [22]. The covariance matrix used is the sum of matrices corresponding
to the experimental and theoretical uncertainties. The theoretical covariance matrix is
constructed following the recipe in Ref. [7]:

The non-perturbative uncertainties (i.e., the uncertainties related to the 1/mb expansion)
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●Used

◦Not

Line: Fit

Band:Theory error

Kinetic 
scheme

Measure moments as functions of 
Minimum lepton energy threshold, Emin

•First fit to multiple schemes, with consistent results!

•Tested OPE parameters used for |Vub|

•Consistency between Xclν and Xsγ  added 
confidence to the theory

1S FIT, MARCH 28, 2012 5
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Figure 4. Contour fit results

1S 
scheme

Xlv
Xlv&b→sγ

– 14–

where the first error on |Vcb| includes experimental and theo-

retical uncertainties and the second error is from the estimated

accuracy of the HQE for the total semileptonic rate.

Theoretical uncertainties are estimated and included in

performing the fits. The χ2/dof is substantially below unity in

all fits, suggesting that the theoretical uncertainties may be

overestimated. In any case, the low χ2 shows no evidence for

duality violations at a significant level. Similar values for the

parameters are obtained when only experimental uncertainties

are used in the fits. If the photon energy spectrum moments

from B → Xsγ are used in place of the constraint on the

charm quark mass, the results change by only small amounts,

e.g., mkin
b increases to 4.574 ± 0.032 GeV. The mass in the MS

scheme corresponding to Eq. (24) is mMS
b = 4.19 ± 0.04 GeV,

which can be compared with a recent value obtained using

relativistic sum rules [82], mMS
b = 4.163 ± 0.016 GeV, and

provides a non-trivial cross-check.

A fit to the same moments in the 1S scheme gives [78]

|Vcb| = (41.96 ± 0.45 ± 0.07) × 10−3 (26)

m1S
b = 4.691 ± 0.037 GeV (27)

λ1(1S) = −0.362 ± 0.067 GeV2, (28)

where the last error on |Vcb| is due to the uncertainties in the

B meson lifetimes. This fit uses semileptonic and radiative mo-

ments and constrains the chromomagnetic operator using the

mass difference between the D and D∗ mesons. This indepen-

dent fit gives consistent results for |Vcb| and, after translation

to a common renormalization scheme, for mb and µ2
π.

The precision of the global fit results can be further

improved. Some of the measurements, in particular of the

B → Xsγ photon energy spectrum, can be improved by using

the full B-factory data sets. Improvements can be made in the

theory by calculating higher order perturbative corrections to

the coefficients of the HQE parameters, in particular the still

missing αsµ2
G corrections, which are presently only known for

B → Xsγ [84]. The inclusion of still higher order moments

may improve the sensitivity of the fits to higher order terms in

the HQE.

June 18, 2012 15:24
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|Vcb| Summary

12

•Small but persistent discrepancy, up to ~2.4σ,  between exclusive and inclusive.

•May not be (only) due to differences in theory/normalisation approaches. 

•ΔExclusive~2%,  ΔInclusive~1-2% (↓from 4% in 2004)

Inclusive

Exclusive

± 
ex

pe
rim

en
ta

l ±
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tti
ce

± 
fit

 ±
 th

eo
ry }

}
mb1S = 4.691±0.037 GeV

mbkin = 4.560±0.023 GeV

mbkin = 4.543±0.075 GeV

mb1S = 4.723±0.055 GeV
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Inclusive-Exclusive Saturation Problem

13

The hadronic XThe hadronic Xcc systemsystem

!"#

$!#

! !%#

??

&

&'

&''

HQET:

GroundGround

statesstates
BroadBroad

statesstates
NarrowNarrow

statesstates

for L=1 " jq=1/2, jq=3/2

A. OyangurenEPS ‘05 - Lisboa 4

{ {

BR(B0→Xclν)=10.14±0.14%

B0→D*lν
5.±0.1%

→Dlν
2.1±0.1%

→D**lν
1.4±0.1%

→???
1.6±0.3%

•  Measured sum of exclusive mode BR’s ≠ inclusive

• What is it? broad resonances, unmeasured D** decay modes  
neutral transitions (π0, η), Difficult to directly measure!

• Affects exclusive |Vcb|& D(*)τ+ν! (S.Stone, Monday)

• Instead estimate cross feed into |Vcb| & D(*)τ+ν
 measurements using B→D(*)lνX BRs, measured 
first at ICHEP. Should shed some light on the problems.

• Puzzle:

DsK threshold

Belle Preliminary

C.Oswald ||ICHEP

}HFAG WA

Belle (this) Broad

Narrow

(BR’s unknown!)
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FIG. 2: Measured electron momentum spectra from B+ and B0 decays before background subtrac-
tion, overlaid with the various backgrounds and the MC signal. Secondaries also includes hadron
fakes. The errors shown are statistical only.

TABLE I: Electron yields for p∗Be ≥ 0.4 GeV/c. The errors are statistical only.

B candidate B+ B0

On Resonance Data 6423 ± 80 5403 ± 74

Scaled Off Resonance 249 ± 48 209 ± 39

Combinatorial Background 1244 ± 20 696 ± 13

Secondary (Inc. Hadron Fakes) 555 ± 11 1843 ± 22

B → Xueν 74 ± 5 57 ± 6

Background Subtracted 4300 ± 96 2597 ± 87

by performing an unfolding procedure based on the Singular Value Decomposition (SVD)
algorithm [35]. The reliability of the unfolding procedure is dependent on the agreement
between data and MC simulation, both for the physics models and the detector response.
Studies of MC show that there are no biases due to the SVD unfolding algorithm.

The unfolded spectrum is corrected for QED radiative effects using the PHOTOS algo-
rithm [34], as the OPE does not have O(α) QED corrections. The unfolded electron energy
spectrum and the bin-to-bin statistical covariance matrix calculated with the unfolding al-
gorithm are shown in Fig. 3 (for illustrative purposes only, as the full error analysis is
performed on a moment measurement basis).
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|Vub| from Inclusive B→Xulν
•Total rate can’t be measured! Too much B→Xclν background.

•Remove b→clv: BUT lose a part of the b→ulv signal.

15

Cut-dependent
constant predicted

by theory

Fraction of the signal that passes the cut

→ corrected for QCD, motion of b-quark

Measure

Problems: 
Restriction of phase space creates complication, 
need models, many debates over which to use 

Γ ~|Vub|2 mb
5, but partial rates ΔΓ~|Vub|2 mb

10
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Selecting  b➝ulν

16
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q2 = lepton-neutrino 
mass squared

mX = hadron 
system massEl = lepton energy

•Need a large fraction of the rate, fc, to control theory uncertainty.

Experimental 
resolution 
leads to
irreducible clν 
contamination

Use hadronic Btag➝D(*)Y to reduce combinatorial and precisely 
reconstruct mX, q2.

M.Rotondo 148
th
 Meeting on B Physics,  6 Feb 2012

|Vub| From Inclusive B→Xuℓν 
▶ Large background from B→Xcℓν: 

● Kinematics to extract the signal (lepton endpoint, 
MX<MD,...)

B
reco

 tag + 

1 lepton 

with Pℓ>1 GeV  

Total number of tagged 

B mesons: 

      ~200K events

B+ B0

Comb. background

lepton

neutrino

Breco →  D(*)Y

X

Bsig →  Xℓν

N
o

t 
to

 s
ca

le

b→ uℓν
b→ cℓν

● Experimental 
Resolution leads to 

irreducible b cℓν 

contamination 

Use hadronic tag Btag → D(*)Y  to 

reduce combinatorial and 
reconstruct MX, q2 and P+ = EX - 

pX  with good resolution

Elep>2 GeV q2>8 GeV2 MX<1.7 GeV
fc 25% 38% 65%



Belle: ΔBR(p*
lep>1.0GeV) = 1.96 (1 ± 0.09stat ± 0.08sys ) 10-3 
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Hadron Mass in Recoil (method)
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FIG. 1: Projections of the MX − q2 fit in bins of MX (left) and
q2 (right).

space region, ∆, corresponding to p∗B
! ≥ 1.0 GeV/c. The

efficiency is determined from the fully reconstructed sig-
nal MC, reweighted at the generator level in bins of p!,
P+, MX and q2 following the prescription in this Letter.
The overall efficiency is 22.2%. The B → Xu!ν yield
is corrected for QED radiative effects using the PHOTOS
algorithm [14]. The correction is 1.4% of the branch-
ing fraction. We measure the partial branching fractions,
combining the spectra from B+ and B0 semileptonic
decays with the 1.0 GeV/c lepton momentum thresh-
old. The expression for the partial branching fraction is
∆B = (N∆

b→u/(2ε∆b→uNtag))(1 − δrad), where N∆
b→u and

ε∆
b→u

are the signal yield and signal efficiency for the re-
gion, ∆, Ntag is the number of tagged B events and δrad

denotes QED corrections. The various contributions to
the systematic error on the partial branching fraction are
described below.

To estimate the particle identification and reconstruc-
tion uncertainties, events with electrons and muons are
reweighted and kaons, pions and photons are randomly
removed according to their respective measured uncer-
tainties.

The MC sample used to model signal B → Xu!ν events
is a hybrid mix of inclusive and exclusive contributions.
Resonant semileptonic B decays to π, and ρ and ω modes
are modeled with form factors calculated in Ref. [15] and
Ref. [16], respectively, with branching fractions set to the
world averages [17]. Decays to η and η′ have form fac-
tors derived from ISGW2 [18] and branching fractions
set to the world averages [17]. The form factors and
branching fractions of the unmeasured resonant compo-
nents are predicted by ISGW2 [18]. The branching frac-
tions of the resonant B → Xu!ν final states have been
varied by ±10% (π), ±20% (ρ), ±30% (ω), ±50% (η)
and ±100% (η′) [17]. The relative contribution of the
unmeasured components of the hybrid model MC are
varied within the limits of the full inclusive branching
fraction.The inclusive part of the mix uses the DFN shape
function (SF) parameterization [19]. The hybrid MC is
corrected to match the moments of the q2 and MX dis-

tributions as predicted by the GGOU model [4]. For the
GGOU model we use the kinetic scheme b−mass, and
b−quark kinetic energy µ2

π in Ref. [17]. The uncertainty
in the inclusive component is determined by taking into
account: the error on the SF parameters; the theoretical
uncertainties in the GGOU model; and the intrinsic un-
certainty in the DFN model. We estimate the uncertainty
due to the simulation of kaon production in B → Xu!ν
decays (i.e. gluon splitting into an ss̄ pair), by varying
the contribution of events with a kaon in the final state
by 25%.

Systematic errors in the subtraction of the non-BB
background are dominated by the uncertainty in the rel-
ative normalization of the on- and off-resonance data,
which is estimated to be a 1% error on the continuum
yield. The uncertainty due to mis-tagging is estimated
by varying the lower bound on the Mbc signal region,
corresponding to a 10% variation in the ratio of good
tags to incorrect tags in the signal region [12].

The systematic uncertainty due to the overall fit to
data for the background contribution normalization is
estimated by varying the number of bins used in the fit.
The uncertainty due to secondary, cascade B → D → e
decays is assessed by varying the branching fractions
of semileptonic D decays, and B → D anything by
±1σ [20]. The uncertainty associated to the magnitude
of the hadron fake contribution is determined from mea-
surements of K0

S → π+π− decays.
To model backgrounds from B → D!ν and B → D∗!ν

decays we use parameterizations of the form factors
based on heavy quark effective theory [21–23]. The
B → D!ν and B → D∗!ν decay slope parameters, ρ2

D

and ρ2 respectively, are set to the world averages [17].
The B → D∗!ν decay parameters, R1 and R2 are set
to the most recently measured values[17]. The branch-
ing fractions of the D and D∗ components are based on
Ref. [20]. Details of decays to higher mass D∗∗ reso-
nances are less well known, so we use the LLSW [24]
model with a method described in Ref. [12]. We adopt
the prescription of Ref. [25] for the non-resonant B →
D(∗)π!ν decay shapes. The normalization of the nar-
row resonant D∗∗ and non-resonant D∗π components
are based on values in Ref. [17]. The remaining unmea-
sured contribution is matched to the full inclusive rate.
To estimate the sensitivity to the rates of the exclusive
B → Xc!ν modes, we adjust their individual branching
fractions about their measured uncertainties. To test the
sensitivity to the shape of these contributions, we have
varied the form factors for D∗!ν, and D!ν decays about
their measured uncertainties, and changed the model in-
put parameters that describe the differential decay rates
of the resonant D∗∗!ν decays. For the resonant D∗∗!ν
decays, we take into account limits from measurements
to resonant and non-resonant D(∗)π!ν states, and full in-
clusive rates [10, 17, 20]. The systematic uncertainty
on the non-resonant D(∗)π!ν decay modes is estimated

• My solution: exploit non-
linear correlations between 
kinematic, background & 
event variables to separate 
b→u and b→c.

• Optimise for maximal 
kinematic phase space 
coverage:~90%! 

• BDT Efficiency: 22.2%.

• first BDT in Belle

NSIG= 1032±91 (stat)

2D fit in q2 Mx. (projections shown)

M.Rotondo 178th Meeting on B Physics,  6 Feb 2012

Inclusive: uncertainties

● Detector effects not relevant

● Dominant experimental systematic is due to 
the modeling of signal

– Resonant and not-resonant contribution

– Important systematics for both inclusive 
and exclusive determination of |Vub|

● Uncertainties dominated by theoretical error

– Recent calculation at NNLO (plugged in BLNP) 
increase |Vub| by 7%!  

– Test frameworks studying spectra!

– Ongoing work on SIMBA (|Vub| global fit)•B → Xu l v: Resonant and 
non-resonant contribution

Errors %
Det. & Comb. 4.8

B → Xu l v  SF 3.6

B → h l v Excl 4.9

B → KK l v 1.5

B → clv backgrd. 1.7

PU et al., PRL 104 2021801 (2010)
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Inclusive |Vub|

•Agreement between experiments!

•Theory: Error (5-7%) dominated by mc, 
mb, μπ

2

•Experiment: Error from B→ρ/ω/η lν, 
non-resonant. & high Xu mass region 
(unmeasured)
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Inclusive: uncertainties

● Detector effects not relevant

● Dominant experimental systematic is due to 
the modeling of signal

– Resonant and not-resonant contribution

– Important systematics for both inclusive 
and exclusive determination of |Vub|

● Uncertainties dominated by theoretical error

– Recent calculation at NNLO (plugged in BLNP) 
increase |Vub| by 7%!  

– Test frameworks studying spectra!

– Ongoing work on SIMBA (|Vub| global fit)

|Vub| Differential Models

BLNP:NP B699, 335 (2004) 

DGE: JHEP 0601, 096 (2006) 

GGOU: JHEP 0710, 058 (2007)

ADFR: Eur. Phys. J. C59, 831 (2009)

4 approaches: 

BLNP, DGE, GGOU (above), ADFR

Use mc, mb, μπ
2  from B→ Xclν and B→ Xsγ 
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B→(π,ρ,ω,η,η’)l+ν
•Moving towards a complete 

understanding of Xul+ν  semileptonic 
width, resonant&non-resonant 

•In 2012, used new hadronic tag: 
~2.1x106 B+ tags, ~1.4x106 B0 tags 
(2-3 x previous). 

•Best π0, ρ0/+, ω, measurements and 
best tagged η, η’ measurements.

•mXu>1 GeV still a big challenge.
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B ! ⇢`⌫̄` with hadronic tag at Belle
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Xu Yield B ⇥ 104
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A.Sibidanov - University of Sydney HQL2012 11 June 2012 Exclusive charmed/charmless semileptonic decays of B mesons 20 / 30

Signal
B→Xulν
B→Xclν
qq

B ! ⇡`⌫̄` with hadronic tag at Belle
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m(MeV) ~BR(ave.) 
x10-4

π±/π0 139 1.4
η 547 0.4

ρ±/ρ0 775 2.3
ω 783 1.2
η’ 958 0.2

Inc-Σ(Excl)Inc-Σ(Excl) 14.5

Approach Efficiency Purity

Untagged High
Û
Low

Low
Ü
High

Tagged by B → D(*)lv
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Û
Low

Low
Ü
HighTagged by B → hadrons
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Û
Low

Low
Ü
High
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ICHEP exclusive

•ΔIncl.~6% (↓from 18% in 2004)
ΔExcl.~10%
Up to 2-3 σ difference between 
Excl.-Incl.

•Variation on WA in inclusive is 
substantial, but theory agrees 
very well for p>1.0 
measurements (pure OPE)

HFAG Excl. Range 

HFAG Incl. Range 
(BLNP, DGE, GGOU, ADFR)
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•New Belle results on  B→τν 
@ICHEP 2012 in agreement with 
both methods. (See M.Nakao’s talk).

ΔLeptonic.~10%!!

•ΔIncl.~6% (↓from 18% in 2004)
ΔExcl.~10%
Up to 2-3 σ difference between 
Excl.-Incl.

•Variation on WA in inclusive is 
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LHC Era: Bs, Λb and 
b-production
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The LHC Era

•Vast quantity of b-mesons: they can 
be precisely reconstructed in modes 
with one neutrino!

•Clean separation from large IP!

•Used as a calibration tool (rely on 
well understood decay properties).

•σbb and fs/fd - key to many 
measurements at the LHC!

•SemileptonicL Bs/Λb decays teach us 
more about  |Vub|/|Vcb|, and for 
search for NP.

•To achieve this required new, 
precise measurements of the Bs/Λb  

systems.
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B→ D0µ−νX, D0 →Κ−π+

• BRvis ~ 8 x 10-3

• Prompt D0 is the dominant 
background!

Prompt

µ

D0µ− D0µ+

(Wrong Sign)
12.2 nb-1 

µ-trigger

D0µ−

2.9 nb-1 

min.bias

θ

Accepted by PLB
arXiv:1009.2731

90±10 B

196±15 B

B+/B0/Bs/Λb

→D0Xμ- ν
→D+Xμ- ν
→DsXμ- ν
→ ΛcXμ- ν

Bs→(Ds**→DK)Xμ-ν

B0/+→DsKXμ- ν

Generally charm mesons tag 
the b-hadron species, and the 
lepton charge tags the b 
flavour, except for cross feed.
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σbb & fs with Semileptonic B/Bs/Λb Decays

•First Cross section measured 
with b→D0Xµν 
σbb (7 TeV:2>η>6) 
=75.3±5.4±13.0 pb 

•As clean as a B-factory

•First b paper at the LHC 
(3 pb-1)

•First Production fraction:
B/Bs/Λb→D0/D+/Ds/Λc µν
•Bs showed no pT 

dependence, not flat for Λb.

•Solved a long standing 
puzzle in b-fragmentation!
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A. Signal extraction

We describe the method used to extract the charmed
hadron-! signal by using the D0X!! !" final state as an
example; the same procedure is applied to the final states
DþX!! !", Dþ

s X!
! !", and "þ

c X!
! !". We perform un-

binned extended maximum likelihood fits to the two-
dimensional distributions in K!#þ invariant mass over a
region extending#80 MeV from theD0 mass peak, and ln
(IP/mm). The parameters of the IP distribution of the
Prompt sample are found by examining directly produced
charm [16] whereas a shape derived from simulation is
used for the Dfb component.

An example fit for D0!! !"X, using the whole pT and $
range, is shown in Fig. 1. The fitted yields for RS are
27666# 187Dfb, 695# 43 Prompt, and 1492# 30 false
D0 combinations, inferred from the fitted yields in the
sideband mass regions, spanning the intervals between 35
and 75MeV from the signal peak on both sides. For WSwe
find 362# 39Dfb, 187# 18 Prompt, and 1134# 19 false
D0 combinations. The RS yield includes a background of
around 0.5% from incorrectly identified ! candidates. As
this paper focuses on ratios of yields, we do not subtract
this component. Figure 2 shows the corresponding fits for
the DþX!! !" final state. The fitted yields consist of
9257# 110Dfb events, 362# 34 Prompt, and 1150# 22

false Dþ combinations. For WS we find 77# 22Dfb,
139# 14 Prompt and 307# 10 false Dþ combinations.
The analysis for theDþ

s X!
! !"mode follows in the same

manner. Here, however, we are concerned about the reflec-
tion from "þ

c ! pK!#þ where the proton is taken to be a
kaon, since we do not impose an explicit proton veto. Using
such a veto would lose 30% of the signal and also introduce
a systematic error. We choose to model separately this
particular background. We add a probability density func-
tion (PDF) determined from simulation to model this, and
the level is allowed to float within the estimated error on
the size of the background. The small peak near 2010 MeV
in Fig. 3(b) is due to D$þ ! #þD0, D0 ! KþK!. We
explicitly include this term in the fit, assuming the shape to
be the same as for the Dþ

s signal, and we obtain 4# 1
events in the RS signal region and no events in the WS
signal region. The measured yields in the RS sample are
2192# 64Dfb, 63# 16 Prompt, 985# 145 false Dþ

s

background, and 387# 132 "þ
c reflection background.

The corresponding yields in the WS sample are 13# 19,
20# 7, 499# 16, and 3# 3 respectively. Figure 3 shows
the fit results.
The last final state considered is "þ

c X!
! !". Figure 4

shows the data and fit components to the ln(IP/mm) and
pK!#þ invariant mass combinations for events with

FIG. 3 (color online). The logarithm of the IP distributions for (a) RS and (c) WS Dþ
s candidate combinations with a muon. The

grey-dotted curves show the false Dþ
s background, the small red-solid curves the Prompt yields, the blue-dashed curves the Dfb signal,

the purple dash-dotted curves represent the background originating from "þ
c reflection, and the larger green-solid curves the total

yields. The invariant K!Kþ#þ mass spectra for RS combinations (b) and WS combinations (d) are also shown.
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The equation for the ratio fs=ðfu þ fdÞ is
fs

fuþfd
¼ ncorrð !B0

s !D!Þ
ncorrðB!D0!ÞþncorrðB!Dþ!Þ

"B% þ" !B0

2" !B0
s

;

(5)

where !B0
s ! D! represents !B0

s semileptonic decays to a
final charmed hadron, given by the sum of the contribu-
tions shown in Eqs. (3) and (4), and the symbols "Bi

indicate the Bi hadron lifetimes, that are all well measured
[1]. We use the average !B0

s lifetime, 1:472& 0:025 ps [1].
This equation assumes equality of the semileptonic widths
of all the bmeson species. This is a reliable assumption, as
corrections in HQET arise only to order 1=m2

b and the
SU(3) breaking correction is quite small, of the order
of 1% [13–15].

The "0
b corrected yield is derived in an analogous man-

ner. We determine

ncorrð"0
b!D!Þ¼ nð"þ

c !
%Þ

Bð"þ
c !pK%#þÞ$ð"0

b!"þ
c Þ

þ2
nðD0p!%Þ

BðD0!K%#þÞ$ð"0
b!D0pÞ; (6)

where D represents a generic charmed hadron, and extract
the "0

b fraction using

f"b

fu þ fd
¼ ncorrð"0

b ! D!Þ
ncorrðB ! D0!Þ þ ncorrðB ! Dþ!Þ

' "B% þ " !B0

2""0
b

ð1% %Þ: (7)

Again, we assume near equality of the semileptonic widths
of different b hadrons, but we apply a small adjustment
% ¼ 4& 2%, to account for the chromomagnetic correc-
tion, affecting b-flavored mesons but not b baryons
[13–15]. The uncertainty is evaluated with very conserva-
tive assumptions for all the parameters of the heavy quark
expansion.

II. ANALYSIS METHOD

To isolate a sample of b flavored hadrons with low
backgrounds, we match charmed hadron candidates with
tracks identified as muons. Right-sign (RS) combinations
have the sign of the charge of the muon being the same as
the charge of the kaon in D0, Dþ, or "þ

c decays, or the
opposite charge of the pion in Dþ

s decays, while wrong-
sign (WS) combinations comprise combinations with
opposite charge correlations. WS events are useful to
estimate certain backgrounds. This analysis follows our
previous investigation of b ! D0X!% !& [16]. We consider
events where a well-identified muon with momentum

FIG. 1 (color online). The logarithm of the IP distributions for (a) RS and (c) WS D0 candidate combinations with a muon. The
dotted curves show the false D0 background, the small red-solid curves the Prompt yields, the dashed curves the Dfb signal, and the
larger green-solid curves the total yields. The invariant K%#þ mass spectra for (b) RS combinations and (d) WS combinations are also
shown.
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Prompt

D from B  

fs/(fu+fd) = 0.134 ± 0.004 ± 0.011 (LHCb)
              = 0.128 ± 0.012 (LEP)
              = 0.164 ± 0.026 (Tevatron HFAG 2012)

PU in PRD.85.032008 (2011)

PU in PLB 694 (2010) 209–216

Combinatorial
An example of the resulting particle identification effi-
ciency as a function of the ! and pT of the !þ

c "
" pair is

shown in Fig. 8.
As the functional forms of the fragmentation ratios in

terms of pT and ! are not known, we determine the
efficiencies for the final states studied as a function of pT

and ! within the LHCb acceptance. Figure 9 shows the
results.

III. EVALUATION OF THE RATIOS
fs=ðfu þ fdÞ AND f!b

=ðfu þ fdÞ
Perturbative QCD calculations lead us to expect the

ratios fs=ðfu þ fdÞ and f!b
=ðfu þ fdÞ to be independent

of !, while a possible dependence upon the b hadron
transverse momentum pT is not ruled out, especially for
ratios involving baryon species [20]. Thus we determine
these fractions in different pT and ! bins. For simplicity,
we use the transverse momentum of the charmed hadron-"
pair as the pT variable, and do not try to unfold the b
hadron transverse momentum.
In order to determine the corrected yields entering the

ratio fs=ðfu þ fdÞ, we determine yields in a matrix of three
! and five pT bins and divide them by the corresponding
efficiencies. We then use Eq. (5), with the measured life-
time ratio ð#B" þ # "B0Þ=2# "B0

s
¼ 1:07& 0:02 [1] to derive

the ratio fs=ðfu þ fdÞ in two ! bins. The measured ratio is
constant over the whole !-pT domain. Figure 10 shows the
fs=ðfu þ fdÞ fractions in bins of pT in two ! intervals.
By fitting a single constant to all the data, we obtain

fs=ðfu þ fdÞ ¼ 0:134& 0:004þ0:011
"0:010 in the interval 2<

!< 5, where the first error is statistical and the second is
systematic. The latter includes several different sources
listed in Table II. The dominant systematic uncertainty is
caused by the experimental uncertainty on BðDþ

s !
KþK"$þÞ of 4.9%. Adding in the contributions of the
D0 and Dþ branching fractions we have a systematic error
of 5.5% due to the charmed hadron branching fractions.
The "B0

s semileptonic modelling error is derived by chang-
ing the ratio between different hadron species in the final
state obtained by removing the SU(3) symmetry constrain,
and changing the shapes of the less well known D'' states.
The tracking efficiency errors mostly cancel in the ratio
since we are dealing only with combinations of three or
four tracks. The lifetime ratio error reflects the present
experimental accuracy [1]. We correct both for the

FIG. 9 (color online). Efficiencies for D0"" "%X, Dþ"" "%X,
Dþ

s "
" "%X, !þ

c "
" "%X as a function of ! and pT.

FIG. 10 (color online). Ratio between "B0
s and light B meson production fractions as a function of the transverse momentum of the

Dþ
s "

" pair in two bins of !. The errors shown are statistical only.
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systematic errors reported in Table 3 include only the bin-dependent terms discussed
above.

Table 4 summarizes all the sources of absolute scale systematic uncertainties, that in-
clude several components. Their definitions mirror closely the corresponding uncertainties
for the f

s

/(f
u

+ f
d

) determination, and are assessed with the same procedures. The term
⇤

b

! D0pXµ�⌫ accounts for the uncertainty in the raw D0pXµ�⌫ yield, and is evalu-
ated by changing the RS/WS background ratio (1.4±0.2) within the quoted uncertainty.
In addition, an uncertainty of 2% is associated with the derivation of the semileptonic
branching fraction ratios from the corresponding lifetimes, labelled �

sl

in Table 4. The
uncertainty is derived assigning conservative errors to the parameters a↵ecting the chro-
momagnetic operator that influences the B meson total decay widths, but not the ⇤0

b

. By
far the largest term is the poorly known B(⇤+

c

! pK�⇡+); thus it is quoted separately.

Table 3: Coe�cients of the linear fit describing the p
T

(⇤+

c

µ�) dependence of f
⇤b
/(f

u

+f
d

).
The systematic uncertainties included are only those associated with the bin-dependent
MC and particle identification errors.

⌘ range a b
2-3 0.434±0.040±0.025 -0.036±0.008±0.004
3-5 0.397±0.020±0.009 -0.028±0.006±0.003

2-5 0.404±0.017±0.009 -0.031±0.004±0.003
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sl

in Table 4. The
uncertainty is derived assigning conservative errors to the parameters a↵ecting the chro-
momagnetic operator that influences the B meson total decay widths, but not the ⇤0

b

. By
far the largest term is the poorly known B(⇤+

c

! pK�⇡+); thus it is quoted separately.

Table 3: Coe�cients of the linear fit describing the p
T

(⇤+

c

µ�) dependence of f
⇤b
/(f

u

+f
d

).
The systematic uncertainties included are only those associated with the bin-dependent
MC and particle identification errors.

⌘ range a b
2-3 0.434±0.040±0.025 -0.036±0.008±0.004
3-5 0.397±0.020±0.009 -0.028±0.006±0.003

2-5 0.404±0.017±0.009 -0.031±0.004±0.003
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fs

fΛb

3 pb-1
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Bs Semileptonic Width Components

•Most precise 
measurements of 
Ds

**μ−ν modes.

•BR(Ds/Ds
*) modes 

determined using 
neutrino 
reconstruction!

•8.3σ significance 
discovery of 
Bs→Ds2μ−ν. 
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m(K π  K  )-m(   )+m(D  )       (MeV)- 0   
PDG

++ K π - +

(a)

(b)

Figure 2: The mass difference m(K−π+K+) − m(K−π+) added to the known D0 mass
for events with K−π+ invariant masses within ±20 MeV of the D0 mass (black points)
in semileptonic decays. The histogram shows wrong-sign events with an additional K−

instead of a K+. The curves are described in the text. (a) For the 3 pb−1 data sample
and (b) for the 20 pb−1 sample.

5

of freedom.
The systematic uncertainty on the D∗+

s2 mass is determined from several calibration
channels. For example, our measured D0 mass differs from the known value by 0.2 MeV,
though the known value has a 0.14 MeV error. We also see a variation on the order of
0.3 MeV by varying the fit region and background shape, where we use a linear function
instead of the threshold function. Thus we take ±0.5 MeV as the systematic uncertainty.
We use the same method of changing the fits to find the systematic uncertainty on the
width. The maximum observed change is 1.4 MeV. There is also a contribution from our
uncertainty on the experimental resolution of ±0.5 MeV that contributes an additional
0.7 MeV error on the width. Taking these two components in quadrature gives a width
uncertainty of 1.6 MeV.

The relative branching fractions are determined from the 20 pb−1 sample, assuming
that the D+

s1 decays only into D∗K final states, the D∗+
s2 decays only into DK final states,

and isospin is conserved in their decays. Note that the only observed decays D∗+
s2 are

to DK final states, while decays to D∗K, although possible, have not yet been seen,
including the study by the D0 collaboration [6]. The D∗+

s2 /D
+
s1 event ratio is computed,

correcting for the lower detection efficiency for D∗+
s2 of (0.516±0.017)%, compared with

the D+
s1 efficiency of (0.598±0.025)% as

B(B
0

s → D∗+
s2 Xµ−ν)

B(B
0

s → D+
s1Xµ−ν)

= 0.61± 0.14± 0.05. (1)

The relative branching fraction of the D+
s1 with respect to the total Bs semileptonic

rate is measured using 24.4 ± 5.5 events in the 3 pb−1 sample. The number of B
0

s semilep-
tonic decay events in this sample is evaluated from the efficiency corrected sum of the
B

0

s → D+
s Xµ−ν events and twice the efficiency corrected B

0

s → D0XK+µ−ν yield. The
efficiencies are 1.07% and 0.57%, respectively. The doubling of the D0K+Xµ−ν yield
accounts for the missing D+K0Xµ−ν contribution, which is equal due to isospin symme-
try. A small component of B → D+

s KXµ−ν is subtracted based on a branching fraction
measurement from BaBar of (6.1± 1.2)× 10−4 [7], reducing the D+

s Xµ−ν yield by 3.2%.

The overall uncertainty on the B
0

s semileptonic yield is 6.6%. The main contributions
to this error are the uncertainty on the absolute D+

s branching ratio of 4.9%, and the

uncertainty on the amount of D0K+Xµ−ν events to add to the B
0

s yield of 3.0%. The
corresponding number for the D∗+

s2 branching fraction is computed also using this sample
and the result from Eq. 1. Correcting for the unreconstructed D+K0 decays results in
the doubling of the rates of the relative branching fractions, that we determine to be

B(B
0

s → D∗+
s2 Xµ−ν)

B(B
0

s → Xµ−ν)
= (3.3± 1.0± 0.4)%

B(B
0

s → D+
s1Xµ−ν)

B(B
0

s → Xµ−ν)
= (5.4± 1.2± 0.5)%, (2)

where the systematic uncertainty for both includes a 5% error on the detection efficiency,

7

•  D0K+

•  WS Kaon: D0K−

Ds1(2536) → D*(2007)0 K+ 
                  missed π0 or γ

Ds2(2573) → D0 K+

3 pb-1

20 pb-1

Moriond QCD 2007                              Grenier Philippe 4

Charm strange mesons: DSJ states (cs bound states)

Prior to B-factories:

Ds(1968)+  Ds
*(2112)+  Ds1(2536)+ Ds2(2573)+

BABAR/CLEO reported 2 new states:

(e+e- �c�)

DsJ
*(2317)+ (�Ds

+�0): m= (2319.6±0.2±1.4) MeV/c2

DsJ
*(2460)+ (�Ds

*+�0): m= (2460.2±0.2±0.8) MeV/c2

confirmed by BELLE (also in B decay)

…masses below expectations…

� missing levels 0+ 1+ ?

� c� states ?

� exotic states (molecular/tetaquark)?

Intensive studies at the B-factories, search for:

� neutral partner

� doubly charged (�Ds
+�+)

� decay modes: Ds
+�0 �0, Ds

+��
Discovery!

PU in PLB 698:14-20 (2011)
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Extraction of leptons from B decays

Two component fraction fit: prompt leptons and secondary+fake leptons

Semileptonic B decays, IUPAP Prize, ICHEP 2012 Phillip URQUIJO

Inclusive Semileptonic Bs Decay Width, Y(5S)@Belle

•Bs inclusive width 

•Bs→Xlν 

•Assumed from theory 
(that SU3 symmetry is 
kept), to measure the 
production fraction.

•ΓSL(Bs) only precisely 
measured by Belle at 
Y(5S) with 121 fb-1.

26

(a) Bs mesons

(b) Bu,d mesons

Figure 15: Decays to D�
s

+ s.s.`.

24

15% B
85% Bs

ΓSL(Bs)=ΓSL(Bd) =ΓSL(Bu)

• Method: 
Inclusive: 
Bs→Xlν with 
Bs(→Ds) tagging

• See C. Oswald@ 
ICHEP2012

Ch. Oswald  – Semileptonic B/Bs decays at Belle – ICHEP2012 5

Determination of

cont.
only

counted in fits to         Continuum background

Electrons

BR(Bs→Xl ν):l=e,µ 10.61 ±0.46stat ± 0.37sys ± 0.67param



Semileptonic B decays, IUPAP Prize, ICHEP 2012 Phillip URQUIJO

Summary
•Measurements of |Vub| and |Vcb| via Semileptonic decays have been a great challenge for 

both theory and experiment, particularly in controlling hadronic physics.

•“Tension” between inclusive and exclusive analyses persists, while uncertainties are being 
reduced. 

•Will they improve?

•Next generation B-factories will produce hadronic tagged, high statistics, high purity 
samples and fully measure the charmless semileptonic spectra.

•LHCb will provide competitive results in exclusive modes, already starting to 
dominate in Bs and Λb semileptonic decays.

•Still a big challenge for theory

•Precision data can inspire and validate theory advances.

•Semileptonic decays prove to be important in new physics flavour measurements!

27

Figure 1 illustrates the (2 – 3)� tension in the fit to the unitarity triangle. In the left and

right panels we use |V
cb

| from exclusive and inclusive semileptonic B decays, respectively.

The solid, dashed and dotted contours are obtained by omitting "

K

, S

 K

and �M

Bs/�M

Bd
,

respectively. They correspond to three scenarios in which new physics a↵ects K mixing, the

phase and the amplitude of B

d

mixing. An alternative measure of the tension in the UT fit

is the minimum �

2 per degree of freedom: when we include all three constraints we obtain

�

2

min

/dof = 6.1 (2.6) using |V
cb

|
excl (incl)

, corresponding to a confidence level of 0.2% (7.4%).

It is interesting to note that the errors on the fitted values of b
B

K

(⇠ 10% – 12%) are

much larger than the corresponding lattice uncertainty (⇠ 3.5%); therefore, improvements

on the latter are not poised to have a sizable e↵ect on the UT tension. In contrast, the

errors on the direct and indirect determinations of |V
cb

| are similar (about 2%), indicating

that improvements on the theoretical predictions for exclusive and inclusive semileptonic

B decays will have a huge impact on our understanding of this issue. This discussion

is summarized in Fig. 2, which shows the relative impact of the present |V
cb

|
excl

and b
B

K

uncertainties on the total "

K

error band.

Finally, we note that the SM prediction for the ratio |V
ub

/V

cb

| is in good agreement with

the lattice expectation and deviates by only 1.6� from the inclusive ratio:

����
V

ub

V

cb

���� =

8
>>>><

>>>>:

0.0846 ± 0.0035 fit

0.089 ± 0.010 exclusive

0.0969 ± 0.0068 inclusive

. (23)

V. INTERPRETATION AS NEW PHYSICS

In this section we assume that physics beyond the Standard Model does not a↵ect tree-

level processes at the current level of precision, and that any sign of new physics must arise

due to higher-order loop e↵ects. Given these assumptions, it is well known [3–6] that the

⇠ 2� tension in the fit to the unitarity triangle can be interpreted as a manifestation of

new physics e↵ects in "

K

and/or B

d

mixing. In order to test the consistency of these two

hypotheses with the current measurements, we describe the two new physics possibilities

22

Ratios are compatible

|Vcb| Exclusive (D*lν)

|Vcb| Inclusive 

1-2 σ 2-3 σ
|Vub| Exclusive (πlν)

|Vub| Inclusive
R. Van der Water



Backup
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Summary of |Vub| and |Vcb|

29

|Vcb|=(39.04±0.55±0.73)·10-3

|Vcb|=(41.88±0.44±0.59)·10-3

|Vub|=(3.23±0.18±0.24)·10-3

|Vub|=(4.41±0.15±0.17)·10-3

|Vcb| Exclusive (D*lν)
•Exp. error 1.4%
•LQCD norm. 1.9%

|Vcb| Inclusive 
•Exp. error 1.1%
•Theory error. 1.4%

|Vub| Exclusive (πlν)
•Exp. error 5.5%
•LQCD norm. 7.5%

|Vub| Inclusive
•Exp. error 3.6%
•Theory error 3.9%

2.4 σ

2.7 σ
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Exclusive |Vub|

30

R. Van de Water CIPANP 2012: Recent lattice-QCD results for heavy flavors

B → πlν form factor

The B → πlν form factor also allows the determination of |Vub| via:

Few percent determination of exclusive |Vub| challenging:

Lattice statistical errors grow with increasing pion momentum, so form factor 
determination best at large momentum-transfer (q2), whereas errors in experimental 
branching fraction smallest at low q2

ν

π

}
B

l

b u

d

q2=(mB
2+mπ

2-2mBEπ)2

20

d�(B0 ⇥ ⇥�⇤+�)
dq2

=
G2

F

192⇥3m3
B

�
(m2

B + m2
� � q2)2 � 4m2

Bm2
�

⇥3/2 |Vub|2|f+(q2)|2

– 27–

of the operators near the light-cone, in αs, and in the deviation

of the pion distribution amplitudes from their asymptotic form,

which is fixed from conformal symmetry.

There are multiple sources of uncertainties in the LCSR

calculation, which are discussed in Refs. [149,150]. Currently,

a total uncertainty slightly larger than 10% on |Vub| is extracted

from a LCSR calculation of

∆ζ(0, q2
max) =

G2
F

24π3

q2
max
∫

0

dq2 p3
π|f+(q2)|2

=
1

|Vub|2τB0

q2
max
∫

0

dq2 dB(B → π%ν)

dq2
(39)

which turn out to be [151]

∆ζ(0, 12 GeV2) = 4.59+1.00
−0.85 ps−1. (40)

It is interesting to note that the results from the LQCD

and LCSR are consistent with each other when either the

BK parameterization or parametrizations based on conformal

mappings [145,146] are used to relate them. This increases

confidence in the theoretical predictions for the rate of B →
π%ν". This is complementary to the lattice results at large

values of q2, and the results from LCSR smoothly extrapolate

the lattice data to small values of q2.

An alternative determination of |Vub| has been proposed by

several authors [152,153] based on a model-independent relation

between rare decays such as B → K∗%+%− and B → ρ%ν".

However, it requires a precise measurement of the B → K∗%+%−

decay, which is a task for ultra-high-rate experiments.

B → π"ν" measurements

The B → π%ν" measurements fall into two broad classes:

untagged, in which case the reconstruction of the missing

momentum of the event serves as an estimator for the unseen

neutrino, and tagged, in which the second B meson in the

event is fully reconstructed in either a hadronic or semileptonic

decay mode. The tagged measurements have high and uniform

acceptance, S/B as high as 10, but low statistics. The untagged

June 18, 2012 15:24

Approach Efficiency Purity

Untagged High
Û
Low

Low
Ü
High

Tagged by B → D(*)lv
High
Û
Low

Low
Ü
HighTagged by B → hadrons

High
Û
Low

Low
Ü
High

•Exclusive rates determined by |Vub| and 
Form Factors

•Calculable at kinematical limits with 
LightConeSumRules or LatticeQCD 

•Empirical extrapolation necessary to 
extract |Vxb| from measurements

LCSR*
Fermilab
HPQCD
ISGW2

One FF for B → πlv
with massless lepton
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Exclusive |Vub|

31

1.|Vub| from partial q2 integral with 
FF (from theory/lattice).

2.Fit data&lattice calculations in 
q2(2-3 shape pars + |Vub|, data & 
LQCD correlations) 

Error budget:
2% from total rate
4% from q2 shape
8% from FF normalisation

3 10×| 
ub

|V
3 3.5 4 4.5 5

da
ta

/m
c

>1.3 GeV*GGOU:p
-0.11
+0.10 0.27±Babar:4.33

>1.0 GeV*GGOU:p
-0.11
+0.10 0.27±Belle:4.54

4/c2<12 GeV2LCSR-KNOW: q
-0.32
+0.37 0.10±Belle untagged:3.44

4/c2>16 GeV2Lattice-FNAL: q
-0.34
+0.41 0.24±Belle tagged:3.69

4/c2<12 GeV2LCSR-KMOW: q
-0.31
+0.37 0.22±Belle tagged:3.38

untagged Global Fit
 0.34±Belle:3.51

HFAG EOF2011 Global Fit
 0.30±WA:3.30

– 29–
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Figure 2: The untagged measurements of the
differential B → π"ν! branching fraction versus
q2 that are used together with lattice calcula-
tions in the determination of |Vub|.

Analyses [156,158] based on reconstructing a B in the

D(∗)"+ν! decay mode and looking for a B → π"ν! or B → ρ"ν!

decay amongst the remaining particles in the event make use of

the fact that the B and B are back-to-back in the Υ(4S) frame

to construct a discriminant variable that provides a signal-to-

noise ratio above unity for all q2 bins. A related technique was

discussed in Ref. [161]. BABAR [158] and BELLE [157] have

also used their samples of B mesons reconstructed in hadronic

decay modes to measure exclusive charmless semileptonic decays

giving very clean but low-yield samples. The resulting full

and partial branching fractions are given in Table 2. The

averages take account of correlations and common systematic

uncertainties, and have p(χ2) > 0.5 in each case.

|Vub| can be obtained from the average B → π"ν! branching

fraction and the measured q2 spectrum. Using the average [26]

of partial branching fractions in the q2 < 12 GeV2 region,

June 18, 2012 15:24
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|Vub| Exclusive-Inclusive Puzzle
•Inclusive:

•|Vub| varies depending upon theoretical framework and is 
highly sensitive to the input b-quark mass.

•High mass components, and fragmentation will be 
measured constrained.

•Exclusive:

•Rely on normalisation from theory or Lattice, but stat 
limited tests of those predictions. Rely on precision tests 
from D→π/Klν, and q2 shape comparisons in B decays.

•|Vub| can be obtained from other exclusive decay channels 
such as Bs→Kμν

•Right handed current?

32
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How to determine  |Vqb|

33

Exclusive: 

B ➝ π form factor (lattice QCD)

QCD correctionsfree quark decay

Inclusive: 

Study weak interaction
            |Vcb| , |Vub|

 Study strong interaction
“Structure of the B meson”          

b

d c,u

d Xu

Γ(B → Xc!ν) =
G2

Fm5
b

192π3
|Vcb|

2[[1 + Aew]AnonpertApert]

dΓ(B → π"ν)

dq2
=

G2
F

24π2
|Vub|

2p3
π|f+(q2)|2

sum over all hadron final states 
(heavy quark symmetry)

2 Complementary approaches 
using different theoretical tools, 
and different experimental 
signatures.
→Crucial independent 
consistency check.
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Outlook for SL B decay measurements

•Belle II/SuperB:

•High statistics hadronic tag reconstruction.

•Full exploration of SL charmless (and charmed) 
mass spectra: up to higher mass.

•Decay differentials to fully test models

•Lattice errors expected to halve in the next  2 
years

34

R
k

p(Xq+μ)

p(ν)p(ν)
pT(ν)

B

Boosted frame

Ref. [19]. We constrain the two highest mass hadrons to be
produced in the ratio predicted by this theory.
The measured pion, kaon, and proton identification effi-

ciencies are determined using K0
S, D

!þ, and !0 calibration
samples where p, K, and ! are selected without utilizing
the particle identification criteria. The efficiency is ob-
tained by fitting simultaneously the invariant mass distri-
butions of events either passing or failing the identification
requirements. Values are obtained in bins of the particle "
and pT, and these efficiency matrices are applied to the
MC simulation. Alternatively, the particle identification
efficiency can be determined by using the measured effi-
ciencies and combining them with weights proportional to
the fraction of particle types with a given" and pT for each
# charmed hadron pair " and pT bin. The overall efficien-
cies obtained with these two methods are consistent.

FIG. 6 (color online). Projections of the two-dimensional fit to the q2 and mðDþ
s #Þ distributions of semileptonic decays including a

Dþ
s meson. The D!

s=Ds ratio has been fixed to the measured D!=D ratio in light B decays (2:42% 0:10), and the background
contribution is obtained using the sidebands in the KþK&!þ mass spectrum. The different components are stacked: the background is
represented by a black dot-dashed line, Dþ

s by a red dashed line, D!þ
s by a blue dash-double dotted line and D!!þ

s by a green dash-
dotted line.
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FIG. 7 (color online). Projections of the two-dimensional fit to the q2 andmð!þ
c #

&Þ distributions of semileptonic decays including a
!þ

c baryon. The different components are stacked: the dotted line represents the combinatoric background, the bigger dashed line (red)
represents the !þ

c #
& "$ component, the smaller dashed line (blue) the !cð2595Þþ, and the solid line represents the !cð2625Þþ

component. The !cð2595Þþ=!cð2625Þþ ratio is fixed to its predicted value, as described in the text.
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FIG. 8 (color online). Measured proton identification effi-
ciency as a function of the !þ

c #
& pT for 2< "< 3, 3< "<

4, 4< "< 5 respectively, and for the selection criteria used in
the !þ

c ! pK&!þ reconstruction.

R. AAJI et al. PHYSICAL REVIEW D 85, 032008 (2012)

032008-8

•LHCb: Neutrino/q2 reconstruction. for exclusive 
measurements.

•|Vub|: Bs→K(*)µν, B→ρµν

Adding the above three error sources in quadrature, the overall relative uncertainty are esti-
mated be 5% and 3% with data samples of 5 ab−1 and 50 ab−1 respectively, and are dominated
by theoretical uncertainties. In conclusion, with a precise determination of the b-quark mass, a
|Vub| error of less than 5% is achievable at L = 50 ab−1. Figure 5.48 demonstrates the expected
improvement of the |Vub| error as a function of the integrated luminosity L, within an analysis
that applies the loose choice of E! > 1.0 GeV.
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Figure 5.48: Expected improvement of |Vub| error as a function of L.

5.9.4 Measurement of exclusive b → u semileptonic decays

The measurement of the inclusive B → Xu!ν decay is insensitive to theoretical ambiguities, but
experimentally challenging because of the large background from B → Xc!ν decays. Comple-
mentary to this, the measurement of exclusive decays, such as B → π!ν and B → ρ!ν, provides
experimentally cleaner information, but is subject to large theoretical uncertainties in the form
factors. On the experimental side, it is essential to provide precise data for the differential rates,

175

PRD.85.032008 (2011)

KEK Report 2009-12

Bs0 →D(*)(**)μν
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Exclusive |Vcb|

35

R. Van de Water CIPANP 2012: Recent lattice-QCD results for heavy flavors

B → Dlν and B → D*lν form factors

The B → Dlν and B → D*lν semileptonic form factors allow determinations of |Vcb| via
hat

hat
hat
hat

Only need one normalization point from lattice-QCD, so choose zero recoil (w=1) 

because it can be computed most precisely ��obtain results with �2% errors:

 

ν

D*

}
B

l
b c

d

q2

24

w ≡ vB·vD}d�(B ⇥ D(�)l�)
dw

=
G2

F

48⇥3
m3

D(mB + mD)2(w2 � 1)3/2|Vcb|2|FB⇥D(�)(w)|2

[Fermilab/MILC, Nucl. Phys.

Proc. Suppl.140, 461 (2005)]

[Fermilab/MILC,

arXiv:1011.2166]

FB�D(1) = 1.074(18)stat(16)sys FB�D�(1) = 0.9077(51)stat(158)sys

The B→D(∗)lν differential decay rates are proportional to |Vcb|2 and form 
factors. 

dΓ(B → D(∗)lν)/dw=(GF
2/48π3) mD

3
(mB + mD)

2
(w

2
−1)

3/2
|Vcb|

2|FB→D(∗) (w)|
2

Exclusive B→ D(∗)!ν

● Determination via differential rate

dΓ(B → D∗!ν)

dwd cosθ!d cosθVdχ
=

G2
F

48π3
|Vcb|

2m3
D∗
(w2 − 1)1/2P(w)F (w, ...)2

F (w) ⇒ F (w, cos θ!, cos θV , χ,R1,R2, ρ
2)

dΓ(B → D!ν)

dw
=

G2
F

48π3
|Vcb|

2 (mB + mD)
2m3
D
(w2 − 1)3/2G(w, ρ2)2

w ≡ vB · vD(∗) =
pB · pD(∗)

mB · mD(∗)
: D(∗) boost

● Fit angular distributions, cosθ!, cosθV , χ
⇒ Form Factors R1,R2, ρ2

● simultaneously fit w distribution to get
F (1)|Vcb| or G(1)|Vcb|

● |Vcb| is obtained with F (1), G(1) from FF
calculation.

B
W

D*!

" s#

$
l

$
V

D

l

Take 1 normalisation point 

from lattice-QCD at 0-recoil 

(w=1) ~2% errors

From experiment

|Vcb| x F.F. @w=1

ρD, ρD* (F.F. slopes)

FB→D(1)=1.074(18)stat(16)sys 

[Fermilab/MILC NPPS 140, 461(2005)]

FB→D*(1)=0.9077(51)stat(158)sys 

[Fermilab/MILC, arXiv:1011.2166]
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|Vcb|, |Vub| and New physics

•Indirect constraints on NP

•Some UT constraints 
strongly affected:

•B(B→τν)∝fB2·|Vub|2

•εK dependent on |Vcb|

•B(K+→π+νν)∝|Vcb|4

•B(KL→π0νν)∝|Vcb|4

36

FIG. 1: Impact of "
K

on the UT fit. The solid, dashed and dotted contours are obtained by

omitting "
K

, S
 K

and �M
Bs/�M

Bd , respectively. The left and right panels use the exclusive and

inclusive |V
cb

| determinations, respectively.

for instance, in Ref. [7].

We obtain the prediction for b
B

K

by excluding the direct lattice determination of b
B

K

from

the chi-square. The dominant source of uncertainty in the extraction of b
B

K

stems from the

strong dependence of "

K

on |V
cb

| ("
K

/ |V
cb

|4). This issue is even more problematic because

of the discrepancy between the extraction of |V
cb

| from exclusive and inclusive decays. For

this reason we perform the analysis both with and without the inclusive determination of

|V
cb

|. Note that when combining the inclusive and exclusive extractions of |V
cb

| we follow the

PDG prescription for inflating the error when combining inconsistent measurements. We

find:

( b
B

K

)
fit

=

8
>>>><

>>>>:

1.09 ± 0.12 |V
cb

|
excl

0.903 ± 0.086 |V
cb

|
incl

0.98 ± 0.10 |V
cb

|
excl+incl

(21)

The comparison of these predictions with the lattice determination of b
B

K

given in Eq. (1)

yields a deviation at the 2.9�, 2� and 2.4� level, respectively. We obtain the prediction

for |V
cb

| in a similar fashion by excluding the inclusive and exclusive determinations of |V
cb

|

from the chi-square. We find:

|V
cb

|
fit

= (43.0 ± 0.9)⇥ 10�3

. (22)

This prediction deviates by 3.0� and 1.3� from the exclusive and inclusive determinations

of |V
cb

|, respectively.
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•Direct?

•LR models could affect the b→ulν 
transitions

•Charged Higgs can affect Cabibbo 
Favoured decays B→D(*)τν
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A word on tauonic modes: B→D(*)τ+νl

•Higher values than expected from the SM

37

B ! D(⇤)
⌧+⌫⌧

• missing piece of B semileptonic decays

• good features

- due to heavy m⌧ , sensitive to H+

- B(B ! D(⇤)
⌧+⌫⌧ ) � B(B+ ! ⌧+⌫⌧ )

- access to more dynamical info. through
⌧ polarization

• but, very difficult for analysis

- multiple ⌫ ’s
- large background from B ! DX`+⌫

• B ! D(⇤)
⌧+⌫⌧ depends on form-factor

- but, it can be deduced from
B+ ! D(⇤)

`+⌫`

• First observed by Belle (2007)
B(B0 ! D⇤�⌧+⌫⌧ ) = (2.02+0.40

�0.37 ± 0.37)%

3

(SM) B(B ! D⇤
⌧+⌫⌧ ) ⇡ 1.4%, B(B ! D⌧+⌫⌧ ) ⇡ 0.7%

Youngjoon Kwon B meson decays (for B-PAC 2011) Feb. 14, 2011 26

But, no indications in favour of a Type II charged Higgs.

Belle Inc. 2010

Belle Had. 2009

Belle Inc. 2010

Belle Had. 2009

Babar Inc. 2011

Babar Had. 2012

Babar Inc. 2011

Babar Had. 2012

D*}

D}

SM

SM

Belle Average

Belle Average
Belle hadronic tag update coming soon!

Isospin invariance assumed
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Exclusive |Vcb| Averages

38

Exclusive B ! D`⌫̄`

]-3|  [10
cb

|V×G(1) 
10 20 30 40 50

ALEPH 
 6.09± 11.80 ±38.89 

CLEO 
 3.30± 5.97 ±44.90 

BELLE 
 5.17± 4.37 ±40.84 

BABAR global fit
 2.08± 0.81 ±43.42 

BABAR tagged 
 1.05± 1.88 ±42.45 

Average 
 1.35± 0.72 ±42.64 

HFAG
End Of 2011

/dof = 0.5/ 8 (CL = 100.00 %)2χ

2ρ

0 1 2

]
-3

| [
10

cb
 |V×

G
(1

) 

20

30

40

50

HFAG
End Of 2011

ALEPHCLEO

BELLE
BABAR global fit

BABAR tagged
AVERAGE

 = 12χ Δ

/dof = 0.5/ 82χ

G(1) = 1.074(18)(16) [Nucl. Phys. Proc. Suppl. 140 (2005) 461]

|Vcb| = (39.70 ± 1.42
EXP

± 0.89
LQCD

)⇥ 10�3
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Exclusive B ! D⇤`⌫̄`
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ALEPH
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CLEO
  1.6±  1.2 ±40.0 
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OPAL partial reco
  2.3±  1.2 ±37.2 

DELPHI partial reco
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DELPHI excl
  2.0±  1.7 ±36.2 

BELLE
  1.0±  0.2 ±34.7 
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  1.0±  0.3 ±34.1 

BABAR D*0
  1.3±  0.6 ±35.1 

BABAR global fit
  1.1±  0.2 ±35.8 

Average
  0.4±  0.1 ±35.9 

HFAG
End Of 2011

/dof = 29.7/23 (CL = 15.70 %)2χ

2ρ

0 0.5 1 1.5 2

]
-3

| [
10

cb
 |V×

F(
1)

 

30

35

40

45

HFAG
End Of 2011

ALEPH

CLEO

OPAL(part. reco.)

OPAL(excl.)

DELPHI
(part. reco.)

DELPHI (excl.)

BELLE
BABAR (excl.)
BABAR (D*0)
BABAR (Global Fit)

AVERAGE

 = 12χ Δ

/dof = 29.7/232χ

F(1) = 0.9077(51)(88)(84)(90)(30)(33) [PoS LATTICE 2010 (2010) 311]

|Vcb| = (39.54± 0.50
EXP

± 0.74
LQCD

)⇥ 10�3
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B→D*lν

B→Dlν
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Exclusive |Vub| Averages

|Vub| from B ! ⇡`⌫̄`

]-4 10× ) [ν + l-π → 0B(B
-2 0 2

]-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
 0.05± 0.22 ±1.22 

  +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
 0.05± 0.18 ±1.12 

  ν + l-π → 0BABAR sl. tag: B
 0.08± 0.21 ±1.39 

  ν + l-π → 0BELLE sl. tag: B
 0.15± 0.19 ±1.42 

  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 → 0 bins): B2BABAR untagged (12 q
 0.07± 0.05 ±1.42 

  ν + l-π → 0BELLE untagged: B
 0.07± 0.04 ±1.49 

  ν + l-π → 0Average: B
 0.04± 0.03 ±1.42 

HFAG
End Of 2011

/dof = 7.4/11 (CL = 77.00 %)2χ

0.07±0.09±1.49

0.07±0.15±1.48

New results

HFAG EOF2011 Average

Theory q2, GeV/c2 |Vub|⇥ 103

LCSR1 < 12 3.40 ± 0.07+0.37
�0.32

LCSR2 < 16 3.57 ± 0.06+0.59
�0.39

HPQCD > 16 3.45 ± 0.09+0.60
�0.39

FNAL/MILC > 16 3.30 ± 0.09+0.37
�0.30

LCSR1 PRD 83 (2011) 094031 HPQCD PRD 73 (2006) 074502
LCSR2 PRD 71 (2005) 014015 FNAL/MILC PRD 79 (2009) 054507

New Belle result supersedes previous result with hadronic tag.

Hadronic tag at Belle (preliminary)

Xu Theory q2, GeV/c2 |Vub|⇥ 103

⇡0

LCSR1 < 12 3.30 ± 0.22 ± 0.09+0.35
�0.30

LCSR2 < 16 3.62 ± 0.20 ± 0.10+0.60
�0.40

HPQCD > 16 3.45 ± 0.31 ± 0.09+0.58
�0.38

FNAL/MILC > 16 3.30 ± 0.30 ± 0.09+0.36
�0.30

⇡+

LCSR1 < 12 3.38 ± 0.14 ± 0.09+0.36
�0.32

LCSR2 < 16 3.57 ± 0.13 ± 0.09+0.59
�0.39

HPQCD > 16 3.86 ± 0.23 ± 0.10+0.66
�0.44

FNAL/MILC > 16 3.69 ± 0.22 ± 0.09+0.41
�0.34
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Inclusive |Vub| Averages

40

]-3 10×|  [
ub

|V
2 4 6

]-3 10×|  [
ub

|V
2 4 6

) eCLEO (E
 0.46 + 0.22 - 0.29±3.93 

) 2, q
X
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B→τν
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Figure 31: B� ! D0(! K3⇡)`⌫X. See captions in Fig. 28.
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Normalising the production rates

•Key ingredient - the inclusive 
charm+lepton final states 
measured for the first time at 
ICHEP 2012!

•B+/0→D(*)lνX/B+/0→lνX using 
Belle’s hadronic tagging method.

42
Ch. Oswald  – Semileptonic B/Bs decays at Belle – ICHEP2012 10

B → DXlnu

Full hadronic  reconstruction of 
one B with neural network

Reconstruction of signal:

2D unbinned fit in         and 

Secondary+fake lepton 
background subtracted 
from a      fit to the lepton 
momentum

(     modes)

(     modes)

2 x B flavours
= 8 different modes

•Also sheds some light on nature of exclusive-inclusive saturation problem.

B+→D0lνX

B0→D0lνX B0→D0lνX

m(Kπ)mbc

Signal
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B-factory Approaches to Measuring B→Xulν

43

Untagged

Initial 4-momentum known

 missing 4-momentum = one ν
 Reconstruct B → Xq l ν 

using mB (beam-constrained)

  and ΔE = EB-Ebeam

Semileptonic Tag

One B reconstructed in D(*) l ν  
modes.

Two missing ν in event.

Full Reconstruction Tag

One B reconstructed completely in 
a known b → c mode without ν. 

   

Tag side

Rest used to reconstruct ν 

Signal

Signal

Tag side

< 0.5 ab-1

< 1 ab-1

> 1 ab-1

Eff.
High

Low High

Low
Purity

Lumi.

Signal


