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Unitarity Triangle and |Vub| Measurements
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Fig. 17.1.1. Illustration of semileptonic decay B− → X�−ν̄�.

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

other CKM-matrix elements. Hence, measurements of the
B → X�ν decay rate can be used to directly measure |Vcb|
and |Vub|.

The theoretical description of semileptonic B decays
starts from the electroweak effective Hamiltonian,

Heff =
4GF√

2

∑

q=u,c

Vqb (q̄γµPLb)(�γ
µPLν�) , (17.1.1)

where PL = (1 − γ5)/2, and GF is the Fermi constant
as extracted from muon decay. The W boson has been
integrated out at tree level, and higher-order electroweak
corrections are suppressed by additional powers of GF and
are thus very small. The differential B decay rates take the
form

dΓ ∝ G2
F |Vqb|2

∣∣Lµ〈X|q̄γµPLb|B〉
∣∣2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the effective Hamiltonian and the decay55

matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b → q current.
The latter do not affect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element 〈X|q̄γµPLb|B〉 in
Eq. (17.1.2). This factorization is violated by small elec-60

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

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

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

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

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

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

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

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

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

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

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

the strong coupling constant αs(mb) ∼ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ΛQCD/mb ∼ 0.1, with ΛQCD

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

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

17.1.1.3 Experimental Techniques

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

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e− → �+�−(γ) with � = e, µ, or τ , and quark-antiquark
pair production, e+e− → qq(γ) with q = u, d, s, c.115

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

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

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

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

(Emiss,pmiss) = (E0,p0)− (
∑

i

Ei,
∑

i

pi), (17.1.3)

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

[Illustration by F. Tackmann]

I. Introduction: Summary of the exp. and theo. situation
a Recap of incl. and excl. measurements
b Recap of the ’1/2’ vs ’3/2’ problem

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

III. Our Proposal and its Viability

IV. Prediction of Γ(B → D ′(∗) � ν̄�) using light-cone sum rules

V. Summary
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Winter 14

CKM
f i t t e r

V ∗ubVud + V ∗tbVtd + V ∗cbVcd = 0

Decay |Vub| × 103

B → π `ν̄ 3.23± 0.30

B → Xu`ν̄ 4.39± 0.21

B → τ ν̄τ 4.32± 0.42

[HFAG]

BR(B̄ → ρ+`−ν̄`) = (3.34± 0.23tot) · 10−4

[arXiv:1306.2781]
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Beyond Standard Model Contribution to Ease Tension

Assumption in the following:

Additional right-handed admixture

[0807.0896,0907.2461,1003.4022,1105.3679] �W−

b

ν̄e

e−

u
Vub

Effective Lagrangian Ansatz

L(Eff.) =−
4GF√

2

[
V Lub
]
ν̄`γ

µ 1− γ5

2
`

×
1

2

[
(1 + εR) ūγµb − (1− εR) ūγµγ

5b
]

+ h.c.

Typical Observables

(Partially) integrated branching fraction

Differential rate as q2 → q2
0

⇒ All diluted by extracting |V LubεR |
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Combined Fit for New Physics Parameter

Standard Model ®

B ® XulΝ
B ® Τ Ν
B ® Π lΝ
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[F. Bernlochner, ST, CKM2012],

see also [Crivellin et. al., arXiv:0907.2461]

[Buras. et. al., arXiv:1007.1993]

Current bounds weak

Strong correlation

Vub − εR

Can we derive an

“orthogonal” bound?
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The Angular Distribution
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θl : Angle between ` in W (≡ ρ)

restframe and moving

direction of W in B restframe

χ: Angle of decay planes

Possible Observables

Consider 1D and 2D Asymmetries

Full Angular Analysis

Very difficult

⇒ Consider asymmetries in three angles
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Decay Distribution (Analogy to B → K ∗`+`−)

dΓ

dq2 d cos θV d cos θ` dχ
=
G 2
F |V Lub|2m3

B

2π4

×
{
J1s sin

2 θV + J1c cos
2 θV + (J2s sin

2 θV + J2c cos
2 θV ) cos 2θ`

+ J3 sin
2 θV sin

2 θ` cos 2χ+ J4 sin 2θV sin 2θ` cosχ+ J5 sin 2θV sin θ` cosχ

+ (J6s sin
2 θV + J6c cos

2 θV ) cos θ`

+ J7 sin 2θV sin θ` sinχ+ J8 sin 2θV sin 2θ` sinχ+ J9 sin
2 θV sin

2 θ` sin 2χ

}
.

Simplifications

J1s = 3J2s , J1c = 3J2c , J6c = J7 = 0

For real εR we have J8 = J9 = 0

Full angular analysis currently(?) not possible

Balance between theo. uncertainty and statistics: 0 ≤ q2 ≤ 12 GeV2
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Angular Distributions
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One- and generalized two-dimensional asymmetries

Sensitivities

Antisymmetric in cos θ`

Symmetric in cos θV and χ

⇒ Best sensitivity by integrating out χ

Forward Backward Asymmetry

AFB =

∫ 0

−1 d cos θ`(dΓ/d cos θ`)−
∫ 1

0 d cos θ`(dΓ/d cos θ`)∫ 1

−1 d cos θ` (dΓ/d cos θ`)
.

Generalized Two Dimensional Asymmetries

Optimize sensitivity to εR by defining two regions [A,B] in the
(cos θ`, cos θV ) regions

S =
A− B
A+ B
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Binned Measurement of the Ji

Ji ηχi η
θ`
i η

θV
i normalization Ni

J1s {+} {+, a, a,+} {−, c, c,−} 2π(1)2

J1c {+} {+, a, a,+} {+, d , d ,+} 2π(1)(2/5)

J2s {+} {−, b, b,−} {−, c, c,−} 2π(−2/3)2

J2c {+} {−, b, b,−} {+, d , d ,+} 2π(−2/3)(2/5)

J3 {+,−,−,+,+,−,−,+} {+} {+} 4(4/3)2

J4 {+,+,−,−,−,−,+,+} {+,+,−,−} {+,+,−,−} 4(4/3)2

J5 {+,+,−,−,−,−,+,+} {+} {+,+,−,−} 4(π/2)(4/3)

J6s {+} {+,+,−,−} {−, c, c,−} 2π(1)2

J6c {+} {+,+,−,−} {+, d , d ,+} 2π(1)(2/5)

J7 {+,+,+,+,−,−,−,−} {+} {+,+,−,−} 4(π/2)(4/3)

J8 {+,+,+,+,−,−,−,−} {+,+,−,−} {+,+,−,−} 4(4/3)2

J9 {+,+,−,−,+,+,−,−} {+} {+} 4(4/3)2

a = 1− 1/
√

2, b = a
√

2, c = 2
√

2− 1, and d = 1− 4
√

2/5

Ji =
1

Ni

8∑

j=1

4∑

k,l=1

ηχi ,j η
θ`
i ,k η

θV
i ,l

[
χ(j) ⊗ θ(j)

` ⊗ θ
(k)
V

]
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Simple Observables I

Analogy to “clean observables” in B → K ∗`+`− [1303.5794]

〈P1〉bin =
1

2

∫
∆q2 dq2J3∫

∆q2 dq2J2s

〈P ′4〉bin =

∫
∆q2 dq2J4√

−
∫

∆q2 dq2J2s

∫
∆q2 dq2J2c

〈P ′5〉bin =
1

2

∫
∆q2 dq2J5√

−
∫

∆q2 dq2J2s

∫
∆q2 dq2J2c
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Simple Observables II

Simple Ratios

〈Pi ,j〉bin =

∫
∆q2 dq2Ji∫
∆q2 dq2Jj

Sensitivity to Real Part

Best sensitivity for 〈P3,4〉, 〈P3,5〉, and 〈P5,4〉

Sensitivity to Imaginary Part

Starting linear in Im εR and quadratic in Re εR

〈P8,5〉 , 〈P9,5〉

Linear in Im εR and Re εR , but large slope with respect to εR

〈P8,3〉
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The Strategy for the Ji Integration

Our Input

1 List of form factor values und uncertainties

1 Light-Cone Sum Rules for small q2 [hep-ph/0412079]

2 Lattice QCD not (yet) reliable for high q2 [hep-lat/0402023]

2 Use correlation between points at different q2 [1004.3249]

3 Use correlation matrix between different form factors (Estimate!)

Our Fit to obtain Form factors

Assume z parametrisation (Series Expansion)

Perform combined fit to all form factor points

Resulting Output
1 Fit parameters for each form factor =̂ expansion coefficient
2 Uncertainty for each of these parameters
3 Correlation matrix between all parameters
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Introduction
Observables and Non-Perturbative Uncertainties

Numerical Results and Discussion

Forward Backward Asymmetry

Central Value
Theo. Uncert.
Theo. + 50ab-1

Theo. + 1ab-1

0£q2£12 GeV2

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

Re HΕRL

A
F

B

Assumes full correlation of experimental systematic uncertainties in

disjoint regions of phase-space [1306.2781]

Improvement of factor 3 for systematic uncertainties at 50 ab−1,

motivated by B → Xu`ν̄ [1002.5012]
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Introduction
Observables and Non-Perturbative Uncertainties

Numerical Results and Discussion

Define the Two Regions for the 2D Asymmetry

Preliminaries

1 Differential rate behaves smoothly ⇒ dΓSM = κdΓ
(1)
NP

2 SM and NP are separately symmetric in cos θV

3 SM and NP are asymmetric in cos θL to each other

-1.0 -0.5 0.0 0.5 1.0
-1.0

-0.5

0.0

0.5

1.0

Cos@ΘlD

Cos@ΘVD

dGSM

dCos@ΘlD dCos@ΘVD

-1.0 -0.5 0.0 0.5 1.0
-1.0

-0.5

0.0

0.5

1.0

Cos@ΘlD

Cos@ΘVD

-
dGNP

dCos@ΘlD dCos@ΘVD
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Introduction
Observables and Non-Perturbative Uncertainties

Numerical Results and Discussion

Generalized 2D Asymmetry Result

Central Value
Theo. Uncert.
Theo. + 50ab-1

Theo. + 1ab-1

0£q2£12 GeV2

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

Re HΕRL

S

Same experimental assumptions than for AFB
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Introduction
Observables and Non-Perturbative Uncertainties

Numerical Results and Discussion

Simple Ratio Observables for Real Part

Central Value
Theo. Uncert.
Theo. + 50ab-1

Theo. + 1ab-1

0£q2£12 GeV2

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

-0.3

-0.2

-0.1

0.0

0.1

0.2

Re HΕRL

XP 1
\

Same assumptions for systematic experimental uncertainties

Statistical correlations between bins are estimated using Monte

Carlo Methods

Background influence neglected

Sascha Turczyk New ways to search for right-handed current in B → ρ`ν̄ decay 18 / 28



Introduction
Observables and Non-Perturbative Uncertainties

Numerical Results and Discussion

Simple Ratio Observables for Real Part

Central Value

Theo. Uncert.

Theo. + 50ab-1

Theo. + 1ab-1

0£q2£12 GeV2

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

0.7

0.8

0.9

1.0

1.1

1.2

Re HΕRL

XP 5
'\
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Introduction
Observables and Non-Perturbative Uncertainties

Numerical Results and Discussion

Simple Ratio Observables for Real Part

Central Value

Theo. Uncert.

Theo. + 50ab-1

Theo. + 1ab-1

0£q2£12 GeV2

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

1.6

1.7

1.8

1.9

2.0

2.1

Re HΕRL

XP 5
,4

\
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Introduction
Observables and Non-Perturbative Uncertainties

Numerical Results and Discussion

Simple Ratio Observables for Imaginary Part

Central Value
Theo. Uncert.
Theo. + 50ab-1

Theo. + 1ab-1

0£q2£12 GeV2

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

Im HΕRL

XP 8
,5

\

Sascha Turczyk New ways to search for right-handed current in B → ρ`ν̄ decay 21 / 28



Introduction
Observables and Non-Perturbative Uncertainties

Numerical Results and Discussion

Simple Ratio Observables for Imaginary Part

Central Value
Theo. Uncert.
Theo. + 50ab-1

Theo. + 1ab-1

0£q2£12 GeV2

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

Im HΕRL

XP 9
,5

\
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Introduction
Observables and Non-Perturbative Uncertainties

Numerical Results and Discussion

Simple Ratio Observables for Imaginary Part

Central Value
Theo. Uncert.
Theo. + 50ab-1

Theo. + 1ab-1

0£q2£12 GeV2

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

Im HΕRL

XP 8
,3

\
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Introduction
Observables and Non-Perturbative Uncertainties

Numerical Results and Discussion

Global demo fit for |V Lub| and εR with AFB

AFB

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
3
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ÈV
ub

L
È

´
10

3

Demo Fit
for est. Super B-Factory

AFB

¬ expected SM

-0.2 -0.1 0 0.1 0.2
3

4

5

ΕR

ÈV
ub

L
È

´
10

3

Fixed SM Vub = 4.2 · 10−3 for extrapolation

Est. uncert. ∆
(∣∣V Lub

∣∣× 103,∆εR
)

= (0.18, 0.061) and (0.06, 0.016)

Expected relative reduction of the uncertainties

1 ab−1 : δ
(∣∣V Lub

∣∣) = −0.3% δ (εR) = −5%

50 ab−1 : δ
(∣∣V Lub

∣∣) = −0.4% δ (εR) = −2%
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Introduction
Observables and Non-Perturbative Uncertainties

Numerical Results and Discussion

Global demo fit for |V Lub| and εR with S

S
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Fixed SM Vub = 4.2 · 10−3 for extrapolation

Est. uncert. ∆
(∣∣V Lub

∣∣× 103,∆εR
)

= (0.18, 0.061) and (0.06, 0.016)

Expected relative reduction of the uncertainties

1 ab−1 : δ
(∣∣V Lub

∣∣) = −0.5% δ (εR) = −9%

50 ab−1 : δ
(∣∣V Lub

∣∣) = −0.5% δ (εR) = −2%
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Introduction
Observables and Non-Perturbative Uncertainties

Numerical Results and Discussion

Global demo fit for |V Lub| and εR with P5,4

P5,4
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Fixed SM Vub = 4.2 · 10−3 for extrapolation

Est. uncert. ∆
(∣∣V Lub

∣∣× 103,∆εR
)

= (0.18, 0.061) and (0.06, 0.016)

Expected relative reduction of the uncertainties

1 ab−1 : δ
(∣∣V Lub

∣∣) = −0.5% δ (εR) = −8%

50 ab−1 : δ
(∣∣V Lub

∣∣) = −3% δ (εR) = −10%
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Introduction
Observables and Non-Perturbative Uncertainties

Numerical Results and Discussion

Summary and Comments

Summary

Considered 1D,2D and 3D Asymmetries to constrain right-handed
currents in B → ρ`ν̄`

Independent of |Vub|
Best observable need to be determined: Balance between

experimental and theoretical uncertainties

Sensitivity estimate

Binned analysis of “clean observables” also possible in B → K ∗`+`−

to cross-check angular folding technique

Fit program for form factor parametrisations
1 Capable of LCSR and Lattice simultaneous input
2 Inputs: Uncertainties, correlations among FF and different q2 points
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Introduction
Observables and Non-Perturbative Uncertainties

Numerical Results and Discussion

Wish List from Theory

Form factor input: Correlation matrix!

Lattice QCD for high q2

⇒ Reliable full q2 spectrum fit

⇒ Consistency Checks

Wish List for Experiment

Try to measure S with current data

⇒ Give a Limit on εR (Might give hint where to look first)

In Future: Attempt to obtain full information and determine best

and consistent variable

Possible to do at LHCb?

Much better statistics?

⇒ But reconstruction of neutrino momentum unambigiously possible?
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Hadronic Part: Form Factors

Form Factor definitions Outline
2

Vqb
W−

�−

ν̄�

b

ū q

ū

Fig. 17.1.1. Illustration of semileptonic decay B− → X�−ν̄�.

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

other CKM-matrix elements. Hence, measurements of the
B → X�ν decay rate can be used to directly measure |Vcb|
and |Vub|.

The theoretical description of semileptonic B decays
starts from the electroweak effective Hamiltonian,

Heff =
4GF√

2

∑

q=u,c

Vqb (q̄γµPLb)(�γ
µPLν�) , (17.1.1)

where PL = (1 − γ5)/2, and GF is the Fermi constant
as extracted from muon decay. The W boson has been
integrated out at tree level, and higher-order electroweak
corrections are suppressed by additional powers of GF and
are thus very small. The differential B decay rates take the
form

dΓ ∝ G2
F |Vqb|2

∣∣Lµ〈X|q̄γµPLb|B〉
∣∣2 . (17.1.2)

An important feature of semileptonic decays is that the
leptonic part in the effective Hamiltonian and the decay55

matrix element factorizes from the hadronic part, and that
QCD corrections can only occur in the b → q current.
The latter do not affect Eq. (17.1.1) and are fully con-
tained in the hadronic matrix element 〈X|q̄γµPLb|B〉 in
Eq. (17.1.2). This factorization is violated by small elec-60

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

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

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

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

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

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

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

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

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

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

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

the strong coupling constant αs(mb) ∼ 0.2. The remain-
ing long-distance corrections related to the initial B meson
can be expanded in powers of ΛQCD/mb ∼ 0.1, with ΛQCD

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

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

17.1.1.3 Experimental Techniques

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

ries, the two dominant sources of background for the re-
construction of semileptonic B decays are the combinato-
rial BB̄ and the continuum backgrounds, QED processes
e+e− → �+�−(γ) with � = e, µ, or τ , and quark-antiquark
pair production, e+e− → qq(γ) with q = u, d, s, c.115

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

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

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

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

(Emiss,pmiss) = (E0,p0)− (
∑

i

Ei,
∑

i

pi), (17.1.3)

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

[Illustration by F. Tackmann]

I. Introduction: Summary of the exp. and theo. situation
a Recap of incl. and excl. measurements
b Recap of the ’1/2’ vs ’3/2’ problem

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

III. Our Proposal and its Viability

IV. Prediction of Γ(B → D ′(∗) � ν̄�) using light-cone sum rules

V. Summary

2 / 15

〈V (pV )|q̄γµb|B(pB )〉 = εµνρσε
∗, νpρ

B
pσV

2V (q2)

mB +mV

〈V (pV )|q̄γµγ5b|B(pB )〉 = iε∗µ(mB +mV )A1(q2)− i(pB + pV )µ(ε∗ · q)
A2(q2)

mB +mV

−iqµ(ε∗q)
2mV
q2

(
mB +mV

2mV
A1(q2)−

mB −mV
2mV

A2(q2)− A0(q2)

)

Include new physics corresponds to the replacement

V → (1 + εR)V , Ai → (1− εR)Ai

Several Possible Parametrisations of q2 dependence

Pole parametrisation

Here: Make use of unitarity ⇒ Series Expansion

Compute values by non-perturbative methods

⇒ Combined fit to parametrisation
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Analytic Parametrisation: The Series Expansion

Map t ≡ q2 → z(t, t0), t± = (mB ±mρ)2

z(t, t0) =

√
t+ − t −

√
t+ − t0√

t+ − t +
√
t+ − t0

t0: Minimize in physical region

t0 = t+

(
1−

√
1− t−
t+

)
Unitarity constraints ⇒ ΦF (t)

Expand in residual dependence

q 2

-10 10 20 30 40 50 60

-1.0

-0.5

0.5

1.0

Blaschke factor

BF (t) ≡
∑
R

z(t,M2
RF

)

F (t) = 1
BF (t)ΦF (t)

∑K
k=0 α

F
k z(t)k
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Sources of Uncertainties

Uncertainties in the Calculation ≡ Input Uncertainties

Used input: not under our control

Value for each form factor at several values of q2

For each value we have only a combined uncertainty

No information on correlation

Parametrisation Uncertainties ≡ Fit Uncertainties

Shape constraints
1 Remnant expansion: Small uncertainty
2 Resonances with t− < M

2
R < t+ ⇒ Blaschke factors

Assumptions on derivation are obstructed by
1 Branch cuts below threshold of light hadrons: see next slides
2 Broad width of ρ? Experimental identification of ρ?
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Light Cone Sum Rules Input [low q2] [hep-ph/0412079]

Input given by LCSR

Form Factor F F (q2 = 0) ∆7P ∆mb ∆L ∆T

V (0) 0.323 0.025 0.007 0.005 0.013

A0(0) 0.303 0.026 0.004 0.009 0.006

A1(0) 0.242 0.020 0.007 0.004 0.010

A2(0) 0.221 0.018 0.008 0.002 0.011

Extract values q2 > 0 from plot and add ∼ 1% uncertainty

Lattice QCD Input [high q2] [hep-lat/0402023]

Huge uncertainties and two inconsistent(?) sets

Recent discussion: Timescale for reliable uncertainties: & 5 yrs

Desired to do simultaneous fit to LCSR and Lattice data

Belle 2 timeline!
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Estimating Correlation between Form Factors

Uncertainty Sources (RP) of [hep-ph/0412079]

1 ∆mb: Variation due to mb, s0 and M according to table 4

2 ∆7p: combination of 7 parameters, described in the text on page 24

3 ∆L: variation due to vector coupling in table 3

4 ∆T : variation due to tensor coupling in table 3

(Conservative) Postulate, see also [hep-ph/0412079,0811.1214,1308.4379]

Correlation among Axialvector form factors

{ρAi7P , ρ
Ai
mb
, ρAiL , ρ

Ai
T } = {0.6, 1., 1., 1.}

Correlation between Axialvector and Vector Form Factors

{ρV ,Ai7P , ρV ,Aimb
, ρV ,AiL , ρV ,AiT } = {0.6, 1., 1., 1.}

Resulting form
C = C7P + Cmb + CL + CT
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Resulting Form Factor Correlation

For each uncertainty parameter the correlation matrix is given as

Ci =



(
∆Vj
)2

ρ
V ,Ai
j ∆Vj ∆A0

j ρ
V ,Ai
j ∆Vj ∆A1

j ρ
V ,Ai
j ∆Vj ∆A2

j

ρ
V ,Ai
j ∆Vj ∆A0

j

(
∆A0
j

)2

ρ
Ai
j ∆A0

j ∆A1
j ρ

Ai
j ∆A0

j ∆A2
j

ρ
V ,Ai
j ∆Vj ∆A1

j ρ
Ai
j ∆A0

j ∆A1
j

(
∆A1
j

)2

ρ
Ai
j ∆A1

j ∆A2
j

ρ
V ,Ai
j ∆Vj ∆A2

j ρ
Ai
j ∆A0

j ∆A2
j ρ

Ai
j ∆A1

j ∆A2
j

(
∆A2
j

)2


Resulting correlation matrix

C =




1. 0.65 0.71 0.72

0.65 1. 0.64 0.62

0.71 0.64 1. 0.72

0.72 0.62 0.72 1.
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Verification Test of the Fit

Fit procedure

Simultaneous χ2 fit to all points and form factors

χ2 = (xTheo − xLCSR)Cov−1(xTheo − xLCSR)

Validation of the results through ensamble of pseudo-experiments
1 Errors
2 Correlations
3 Central values
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Fitted Form Factors: SE linear expansion
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Sample Numerical Results for Form Factors

FF Param. Value Uncertainty

A0 a0 −0.351 · 10−3 0.032 · 10−3

a1 1.250 · 10−3 0.147 · 10−3

A1 a0 −0.111 · 10−3 0.010 · 10−3

a1 −0.208 · 10−3 0.042 · 10−3

A2 a0 −0.138 · 10−3 0.014 · 10−3

a1 0.170 · 10−3 0.049 · 10−3

V a0 −0.366 · 10−3 0.034 · 10−3

a1 1.148 · 10−3 0.145 · 10−3

Comments to three parameter fit

Each a0 and a1 compatible within uncertainty

Fitted a2 compatible with zero within uncertainty
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Sample Numerical Results for Form Factors

corr(A0,A1,A2,V ) ≈

1.00 −0.86 0.77 0.35 0.74 −0.26 0.78 −0.57
−0.86 1.00 −0.60 −0.27 −0.58 0.20 −0.61 0.44

0.77 −0.60 1.00 0.31 0.86 −0.31 0.85 −0.62
0.35 −0.27 0.31 1.00 0.39 −0.14 0.39 −0.28
0.74 −0.58 0.86 0.39 1.00 −0.49 0.86 −0.63
−0.26 0.20 −0.31 −0.14 −0.49 1.00 −0.31 0.22

0.78 −0.61 0.85 0.39 0.86 −0.31 1.00 −0.82
−0.57 0.44 −0.62 −0.28 −0.63 0.22 −0.82 1.00


Comments to three parameter fit

Correlations between a0 and a1 same sign

Value is shifted → OK
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corr(Ji) ≈

100. 71.6 100. −71.6 −34.5 88.6 94.2 100.

71.6 100. 71.6 −100. −68. 95. 89.8 70.5

100. 71.6 100. −71.6 −34.5 88.6 94.2 100.

−71.6 −100. −71.6 100. 68. −95. −89.8 −70.5
−34.5 −68. −34.5 68. 100. −65.3 −46.2 −32.3
88.6 95. 88.6 −95. −65.3 100. 97.3 87.7

94.2 89.8 94.2 −89.8 −46.2 97.3 100. 93.9

100. 70.5 100. −70.5 −32.3 87.7 93.9 100.


0 ≤ q2 ≤ 12 GeV2

εR ≡ 0

Only J1s to J6s
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