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CKM Element Magnitudes

Exploit unitarity constraint to 
look for new physics → angle 
from CP asymmetries and size 
from |VCKM|.

CKM matrix elements are fundamental parameters of the Standard Model and 
cannot be predicted.

~|Vtd/Vts||Vub| and |Vcb|  from 
semileptonic B decays

~|
V ub

/V
cb

|
2

Decay properties depend  directly on |Vcb| & |Vub| 
and mb in perturbative regime (αs

n).

c

e

ν

b → c e ν

W

b



Phillip Urquijo ! (Semi)Leptonic Decays at Belle, EPS2011

CKM Element Magnitudes

Exploit unitarity constraint to 
look for new physics → angle 
from CP asymmetries and size 
from |VCKM|.

CKM matrix elements are fundamental parameters of the Standard Model and 
cannot be predicted.

~|Vtd/Vts||Vub| and |Vcb|  from 
semileptonic B decays

~|
V ub

/V
cb

|
2

Decay properties depend  directly on |Vcb| & |Vub| 
and mb in perturbative regime (αs

n).

c

e

ν

b → c e ν

W

b But quarks are bound by soft gluons: non-perturbative  
long distance interactions of b quark with light quark.

B → D e ν

W

e

ν

]Dc

B[ b



Phillip Urquijo ! (Semi)Leptonic Decays at Belle, EPS2011

Exclusive decays: B→D(*)l ν
•Differential decay rate proportional to |Vcb|2 and form factors.

•Fit angular distributions θlep, θv, χ to determine form factors R1, R2 ρ2

From experiment

|Vcb| x F.F. @w=1 (0 recoil)

ρD, ρD* (F.F. slopes)

From Lattice (Non-perturbative input)

F(1)=0.908±0.017, PoS Lattice2010:311(2010)

New lattice result reduces discrepancy with |Vcb| inclusive

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.
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Jochen Dingfelder, Freiburg Beauty 2009, Heidelberg

|Vub| from B!!"!

• Complementary experimental approaches:

" untagged (with ! reconstruction)

" semileptonic B tags 

" hadronic B tags

• Form-factor calculations using different          
methods

14

} Independent samples,
different systematic 

uncertainties

} Measurement in bins of q2

⇒ reduce model dependence

|Vub|

Strong interaction
⇒ form factors

= !,#,#’,$,%D*

|Vcb|
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B0→D*-l+ ν
•772M BBbar events, 123K D*- l+ candidates

•FF pars determined from fit to 1D hists (10 bins) 
of w, cosθlep, cosθV, χ 

•40x40 covariance input to F(1)|Vcb| fit 11

FIG. 5: Result of the fit of the four kinematic variables in the sub-sample B. The electron and muon modes are added in
this plot. The points with error bars are continuum subtracted on-resonance data. Where not shown, the uncertainties are
smaller than the black markers. The histograms are, top to bottom, the signal component, D∗∗ background, signal correlated
background, uncorrelated background, fake ! component and fake D∗ component.

FIG. 6: Plots of the result of the averaging procedure. Projections in F(1)|Vcb| vs. ρ
2 (top left), F(1)|Vcb| vs. R1(1) (top

middle), F(1)|Vcb| vs. R2(1) (top right), ρ2 vs. R1(1) (bottom left), ρ2 vs. R2(1) (bottom middle) and R1(1) vs. R2(1) (bottom
right) are shown. The red dot (solid line) shows the position (1σ ellipse) of the average, the blue rectangle (dashed line) the
position (1σ ellipse) of the sub-sample A, the green triangle (dash-dotted line) the position (1σ ellipse) of the sub-sample B,
the magenta diamond (dash-double dotted line) the position (1σ ellipse) of the sub-sample C and the cyan cross (dash-triple
dotted line) the position (1σ ellipse) of the sub-sample D.

The total χ2 to be minimized takes the form,

χ2 =
∑

i

∑

j

(

V̂i − V̄π(i)

)
(

C−1
)

ij

(

V̂j − V̄π(j)

)

+
∑

s

r2s ,

(23)
and is minimized numerically. The number of degrees of
freedom are calculated as

n.d.f = (Ni +Ns)− (Np +Ns)
︸ ︷︷ ︸

floated parameters

= Ni −Np, (24)

which is the same result one obtains in the case without

any systematic uncertainties. The minimization is nu-
merically stable and yields both the central values and
the total uncertainties of the full four dimensional aver-
age.

Applying this procedure to the four results presented
in Table II yields the final result of this analysis. We
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• Results of 4-parameter HQET fit.

• First determination of GL, and GT 
(helicity functions)

• Sensitive to slow π reco. and D** 
modelling.

ρ2 1.214±0.034±0.009

R1(1) 1.401±0.034±0.018

R2(1) 0.864±0.024±0.008

BR(%) 4.58±0.03±0.26

F(1)|Vcb| 34.6±0.2±1.0

χ2/dof 138.8/155

B0→D*-l+ ν

772M BBbar

Exclusive B→ D∗!ν

]-3|  [10cb |V!F(1) 
25 30 35 40 45

]-3|  [10cb |V!F(1) 
25 30 35 40 45

ALEPH (excl)
  1.3±  1.7 ±31.0 

CLEO
  1.7±  1.3 ±39.9 

OPAL (excl) 
  1.5±  1.6 ±36.6 

OPAL (partial reco) 
  2.4±  1.2 ±37.2 

DELPHI (partial reco) 
  2.3±  1.4 ±35.4 

BELLE (excl)
  1.0±  0.2 ±34.3 

DELPHI (excl) 
  1.9±  1.8 ±36.1 

BABAR (excl)
  1.1±  0.3 ±34.0 

BABAR (D*0)
  1.4±  0.8 ±35.1 

BABAR (Global Fit)
  1.2±  0.2 ±35.7 

Average 
  0.5±36.0 

HFAG
End of 2009

/dof = 38.7/23 (CL =   2 %)2"
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Δ ~3.5%

➩Belle 
|Vcb|= (38.0 ± 0.2 ± 1.1±0.7(FF)) 10-3
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B → Ds K l ν
• Puzzle: Measured sum of exclusive mode BR’s 

Xc=D+D*+D** doesn’t match inclusive BR 
(10-15% unaccounted). 

• Explore mass region above m(DsK)=2.46 
GeV where resonant and non-resonant 
contributions are present.

•Disentangling DsKlν and Ds
*Klν gives new 

insights for modelling this region.

• Background to Bs→Ds X l ν at Y(5S) and 
hadron colliders. e.g. at LHCb (fu+fd)/fs~6

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

DsK threshold

6

• BR small due to kinematics, need efficient reco. 

•Select Bsig in Ds(γ)Kl+ (Ds→Φπ). Remaining particles must be consistent 
with B decay (Btag in semileptonic mode)

•Minimal signal side selection to limit model dependence.

{

Broad

Narrow

{
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B → Ds K l ν Fit
• Signal PDF parameterised from MC

• Background PDF derived from MC and data sidebands.

•Measure DsK and Ds
*K modes simultaneously to measure cross feed.

 [GeV]Dsm
1.94 1.95 1.96 1.97 1.98 1.99 2

N

0

5

10

15

20

25

30

 [GeV]Ds*m
2.09 2.1 2.11 2.12 2.13 2.14 2.15

N

0

2

4

6

8

10

12

14

16

18

misX
-6 -4 -2 0 2 4 6 8

N

0

5

10

15

20

25

30

 [GeV]Dsm
1.94 1.95 1.96 1.97 1.98 1.99 2

N

0

10

20

30

40

50

60

70

80

90

misX
-10 -8 -6 -4 -2 0 2 4 6 8

N

0

20

40

60

80

100

120

140

160

180

Figure 38: Projections of the simultaneous fit (Case 2). The upper plots are for D∗
s sample while

the lower ones are for Ds. Projections of the fit for each variable are plotted in the signal boxes
of the other ones.
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Figure 39: Projections of the simultaneous fit (Case 2) in the sidebands.
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• The decays (1) would not be the background for the analyzes such as B → D(∗)�ν and
B → D(∗)τν that suffer from B → D∗∗�ν. On the other hand they would represent a
background to semileptonic Bs decays.

First results of searches of decays (1) have been recently presented by BaBar collaboration

[12]. Our analysis differs in many important points that will be discussed in the note.

2 Experimental aspects

In the decays of the type (1) one has to deal with missing four momentum fleeing along with

a neutrino. Another difficulty comes from Ds reconstruction. The necessity of restricting the

analysis to clean and well measured hadronic Ds decays leads to the useful product branching

fraction as low as 10−5. On top of that the most frequent B decays are the background i.e.
semileptonic ∼ 11% and B+ → D+

s X ∼ 8%[9]. The main background comes from B− decaying
to l−X while B+ → D+

s X
� and there are some kaons from the decays of these X’s.

The most discriminating variable to identify signal with one missing neutrino is the missing

mass. It requires however a reconstruction of the accompanying B meson (tagging B – Btag)

which results in reduction of the data sample by two orders of magnitude. Instead, a commonly

used variable is cosΘB−vis defined by

cosΘB−vis =
2EbeamEvis −M2

B −M2
vis

2pBpvis
(3)

where pB =
�

E2
beam −M2

B, pvis = |�pDs + �pK + �pl|, Evis = EDs + EK + El, Ebeam is the beam

energy, MB is the B meson mass, while pB is the B momentum and all these quantities are
measured in the Υ(4S) frame. For events with a single neutrino the B direction lies on a cone
around the �pvis axis with an opening angle 2ΘB−vis and cosΘB−vs takes values in the range

[−1, 1].
For decays of the type (1) the background shape in cosΘB−vis is steep in the signal region

(Fig. 3(a)), and a less standard variable, Xmis, has been chosen instead. Xmis is constructed

based on the triangle inequality applied to a triangle formed by visible, missing and B momenta
(Fig.4):

|pmis − pvis| ≤ pB ≤ pmis + pvis =⇒ |pmis − pvis|
pB

≤ 1

Knowing that Emis = Ebeam − Evis and assuming missing neutrino hypothesis pmis = Emis

leads to:

Xmis =
(Ebeam − Evis)− pvis�

E2
beam −M2

B

(4)

For well reconstructed events Xmis within [−1, 1] corresponds to zero missing mass. Xmis is

larger than 1 the larger mass is missing. Expected Xmis distributions for signal and background

are shown Fig. 3(c)(d). For the signal mode with D∗
s Xmiss is shifted towards higher values due

to missing photon from the D∗
s decay.

4
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•Consistent with prev. measurement (Babar)
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B → Ds K l ν BR
• First time measured separately.

657M BBbar
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We report the observation of the decay B− → D
(∗)+
s K−!−ν! based on 342 fb−1 of data collected

at the Υ (4S) resonance with the BABAR detector at the PEP-II e+e− storage rings at SLAC. A
simultaneous fit to threeD+

s decay chains is performed to extract the signal yield from measurements
of the squared missing mass in the B meson decay. We observe the decay B− → D

(∗)+
s K−!−ν! with

a significance greater than five standard deviations (including systematic uncertainties) and measure

its branching fraction to be B(B− → D
(∗)+
s K−!−ν!) = [6.13+1.04

−1.03(stat.)±0.43(syst.)±0.51(B(Ds))]×
10−4, where the last error reflects the limited knowledge of the Ds branching fractions.

PACS numbers: 13.20.He, 12.15.Ji, 12.38.Qk

The study of charmed inclusive semileptonic B meson
decays enables the measurement of the CKM matrix ele-
ment |Vcb|. This measurement relies on a precise knowl-
edge of all semileptonic B meson decays. Decays of or-
bitally excited D mesons, from the process B → D∗∗!ν,
constitute a significant fraction of these decays [1], and
may help explain the discrepancy between the inclusive
B → Xc!ν rate, where Xc is a charmed hadronic fi-

nal state, and the sum of the measured exclusive decay
rates [1, 2]. So far, analyses of these decays have fo-
cused on the reconstruction of B → D(∗)π!ν states [3–5].
In such analyses, experimental data are interpreted as a
sum of the four D∗∗ resonances. The results show the
dominance of B decays to broad resonances, while QCD
sum rules imply the opposite [6]. Conversely, a small
contribution from broad D∗∗ states implies the presence
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B → Xc!ν rate, where Xc is a charmed hadronic fi-

nal state, and the sum of the measured exclusive decay
rates [1, 2]. So far, analyses of these decays have fo-
cused on the reconstruction of B → D(∗)π!ν states [3–5].
In such analyses, experimental data are interpreted as a
sum of the four D∗∗ resonances. The results show the
dominance of B decays to broad resonances, while QCD
sum rules imply the opposite [6]. Conversely, a small
contribution from broad D∗∗ states implies the presence

Systematic Error ΔBR
(DsK)%

ΔBR
(Ds

*K)%

Tracking,KID,LeptID 88

BR(Ds→φπ) 66

Signal Efficiency 2121

N(B+B-) 22

Signal PDF (MC) +27, -7 +17, -22

BKG PDF (MC) +6, -8 +20,-17

BKG PDF (Data) +5, -1 3

Cross Feed 1 2

New@
EPS

>5 σ

Efficiency 
determined 
with data: 
reduced model 
dependence.

arXiv:1012.4158 [hep-ex]

Mode BR: Belle  Preliminary

Ds K l ν (3.0±1.2stat
+1.1

-0.8 sys)10-4

Ds* K l ν (2.9±1.6stat
+1.1

-1.0 sys)10-4 

Combined 6 σ significance

• Systematics highly correlated: 
combined has high signif.

•Only a small part of B→Xc l ν

Bkg

First m(DsK) 
spectrum 
measurement.

Signal

Belle
Preliminary
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|Vub| from B→π l ν
B0 → π−"+ν untagged

! A charged pion and a lepton as a signal side

! missing 3 momentum

!pmiss ≡ −
∑

i

!pi

! neutrino 4 momentum

pν = (| !pmiss|, !pmiss)

! Momentum transfer, q2

q2 = (p# + pν)
2 = (pB − pπ)

2,

averaged over B direction ambiguity

! Estimate B yield by fitting distributions,

mbc =

√

E2
beam
−
∣

∣

∣ !pπ + !p# + !pν
∣

∣

∣

2

∆E = Ebeam − (Eπ + E# + Eν)

BSig

B
!4S

8 GeV 3.5 GeV

Signal Side

" l

e-

e+

#

σq2 ∼0.5 GeV2
Jochen Dingfelder, Freiburg Beauty 2009, Heidelberg

|Vub| from B!!"!

• Complementary experimental approaches:

" untagged (with ! reconstruction)

" semileptonic B tags 

" hadronic B tags

• Form-factor calculations using different          
methods

14

} Independent samples,
different systematic 

uncertainties

} Measurement in bins of q2

⇒ reduce model dependence

|Vub|

Strong interaction
⇒ form factors

= !,#,#’,$,%

2. Analysis strategy (2) : q2 resolutions

The momentum transfer q2 is defined as,

q2 = (P! + Pν)
2 = (PB − Pπ)

2

The momentum resolution is measured
and it is used to divide full q2 regions into
13 q2 bins.

Figure: q2 is calculated as the weighted
average along the cone (Y-average q2).

Estimated q2 resolution is,

σq2 ∼ 0.5 GeV2/c4.
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B0 → π−"+ν untagged

! A charged pion and a lepton as a signal side

! missing 3 momentum

!pmiss ≡ −
∑

i

!pi

! neutrino 4 momentum

pν = (| !pmiss|, !pmiss)

! Momentum transfer, q2

q2 = (p# + pν)
2 = (pB − pπ)

2,

averaged over B direction ambiguity

! Estimate B yield by fitting distributions,

mbc =

√

E2
beam
−
∣

∣

∣ !pπ + !p# + !pν
∣

∣

∣

2

∆E = Ebeam − (Eπ + E# + Eν)

BSig

B
!4S

8 GeV 3.5 GeV

Signal Side

" l

e-

e+

#

σq2 ∼0.5 GeV2

 q2 is calculated as the 
weighted average along the 
cone (Y-average q2).

9

Strong interaction F.F.

Method: Untagged (with ν reconstruction)

•Identify π+ and l+ on signal side

•Neutrino 4-momentum from missing 3-momentum

Form-factor calculations using different methods

•Measure in bins of q2→reduces model 

dependence

•Compare to Lattice, LCSR, Quark model
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B→π l ν Fit
657M BBbar

3

is instrumented with resistive plate chambers to detect
K0

L mesons and to identify muons (KLM).
The data sample corresponds to an integrated luminos-

ity of 605 fb−1 taken at a center-of-mass (c.m.) energy
near the Υ(4S) resonance, containing 657×106 BB̄ pairs.
For the first sample of 152×106 BB̄ events, an inner de-
tector configuration with a 2.0 cm beampipe and a 3-
layer SVD was used, while a 1.5 cm beampipe, a 4-layer
SVD and a small-cell inner drift chamber were used to
record the remaining 505×106 BB̄ pairs [18]. Another
68 fb−1 data sample taken at a c.m. energy 60 MeV be-
low the resonance is used to study the continuum back-
ground, e+e− → qq̄, where q = u, d, s, c. Monte Carlo
(MC) [19, 20] simulated events equivalent to at least ten
times the integrated luminosity were generated to model
the signal. Samples equivalent to ten times and six times
the integrated luminosity were generated to simulate the
two largest background components, b → c decays and
continuum, respectively. To simulate rare b → u decays,
samples equivalent to twenty times the integrated lumi-
nosity were generated. Final state radiation (FSR) from
charged particles in the final state is modeled using the
PHOTOS package [21].
The decay B0 → π−"+ν is reconstructed from pairs

of oppositely charged leptons and pions. Electron candi-
dates are identified using the ratio of the energy detected
in the ECL to the track momentum, the ECL shower
shape, position matching between the track and ECL
cluster, the energy loss in the CDC, and the response
of the ACC counters [22]. Bremsstrahlung photons emit-
ted close to the electron direction are reconstructed and
used to correct the electron momentum [23]. Muons are
identified based on their penetration range and transverse
scattering in the KLM detector [24]. In the momentum
region relevant to this analysis, charged leptons are iden-
tified with an efficiency of about 90% while the probabil-
ity to misidentify a pion as an electron (muon) is 0.25%
(1.4%). Pion candidates are selected with an efficiency
of 85% and a kaon misidentification probability of 19%,
based on the responses of the CDC, ACC and TOF sub-
detectors. All charged particles are required to originate
from the interaction point (IP) and to have associated
hits in the SVD. The pion and lepton candidates are fit-
ted to a common vertex and the confidence level of the fit
is required to be greater than 1.0%. The electron (muon)
is required to have a laboratory frame momentum greater
than 0.8 GeV/c (1.1 GeV/c).
The missing energy and momentum in the c.m. frame

are defined as Emiss ≡ 2Ebeam −
∑

i
Ei and $pmiss ≡

−
∑

i
$pi, respectively, where Ebeam is the beam energy in

the c.m. frame, and the sums include all charged and
neutral particle candidates in the event. A threshold
energy of 50 (100) MeV is required for photon candi-
dates in the central (side) region of the ECL. The neu-
trino 4-momentum is taken to be pν = (|$pmiss|, $pmiss),
since the determination of $pmiss is more accurate than

that of the missing energy. To select events compati-
ble with the signal decay mode, we require |Qtotal| ≤
3, where Qtotal is the net charge of the event, and
Emiss > 0 GeV. We denote the combined system of
the signal pion and lepton as Y . The kinematics of
the decay constrain the cosine of the angle between
the B and Y directions in the c.m. frame, defined by
cos θBY = (2EbeamEY −m2

B
−M2

Y
)/(2|$pB||$pY |), where

mB and |pB| =
√

E2
beam −m2

B
refer to the mass and mo-

mentum of the B meson, and EY , MY , and pY refer to
the energy, mass, and momentum of the reconstructed
Y . Background, on the other hand, is not similarly con-
strained. In what follows we require | cos θBY | ≤ 1.
Signal candidates are classified by their beam-energy-
constrained mass, Mbc =

√

E2
beam − |$pπ + $p# + $pν |2, and

energy difference, ∆E = Ebeam − (Eπ + E# + Eν). Can-
didates outside of the signal region, defined by the re-
quirements Mbc > 5.19 GeV/c2 and |∆E| < 1 GeV,
are rejected. To suppress background from the contin-
uum, the ratio of second to zeroth Fox-Wolfram mo-
ments [25] is required to be less than 0.35. Background
from J/ψ → µ+µ− decays with one muon misidentified
as a pion is rejected by vetoing events with a Y mass
between 3.07 GeV/c2 and 3.13 GeV/c2. The sample of
signal candidates is divided into 13 bins of q2 from 0 to
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FIG. 1: Fit projections (a,b) in ∆E with Mbc > 5.27 GeV/c2,
and (c, d) in Mbc with |∆E| < 0.125 GeV. The projec-
tions (a,c) and (b,d) show the regions q2 < 16 GeV2/c2

and q2 > 16 GeV2/c2, respectively. The points with er-
ror bars are Υ(4S) data, the histograms are (from top to
bottom) B0 → π−"+ν signal (open), B → Xu"ν (cross-
hatched), B → Xc"ν (hatched) and continuum background
(black-filled). The smaller error bars are statistical only while
the larger ones include systematic uncertainties.

•Components in q2 bins

• 13 bins for π l ν
• 3 bins for Xu l ν
• 4 bins for Xc l ν
• fixed continuum

• Large Bkg at high q2

• Estimate B yield by fitting 

B0 → π−"+ν untagged

! A charged pion and a lepton as a signal side

! missing 3 momentum

!pmiss ≡ −
∑

i

!pi

! neutrino 4 momentum

pν = (| !pmiss|, !pmiss)

! Momentum transfer, q2

q2 = (p# + pν)
2 = (pB − pπ)

2,

averaged over B direction ambiguity

! Estimate B yield by fitting distributions,

mbc =

√

E2
beam
−
∣

∣

∣ !pπ + !p# + !pν
∣

∣

∣

2

∆E = Ebeam − (Eπ + E# + Eν)

BSig

B
!4S

8 GeV 3.5 GeV

Signal Side
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σq2 ∼0.5 GeV2
Belle
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10

PRD 83, 071101(R) (2011)



Phillip Urquijo ! (Semi)Leptonic Decays at Belle, EPS2011

Exclusive |Vub|

4

26.4 GeV2/c2 (the bin width is 2 GeV2/c2, except for
the last bin). The value of q2 is calculated as the square
of the difference between the 4-momenta of the B meson
and that of the pion. As the B direction is only kinemati-
cally constrained to lie on a cone around the Y direction,
we take a weighted average over four different possible
configurations of the B direction [26]. Background is fur-
ther suppressed by applying selection criteria as a func-
tion of q2 to the following quantities: the angle between
the thrust axis of the Y system and the thrust axis of
the rest of the event; the angle of the missing momentum
with respect to the beam axis; the helicity angle of the
!ν system [27]; and the missing mass squared of the event,
M2

miss = E2
miss− #p 2

miss. The helicity angle is the angle be-
tween the lepton direction and the direction opposite to
the B meson in the !ν rest frame. These selections are
optimized separately in each bin of q2 by maximizing the
figure-of-merit S/

√

(S +B), where S (B) is the expected
number of signal (background) events.
The fraction of events that have multiple candidates

is 66%. To remove multiple signal candidates in a single
event, the candidate with the smallest !ν helicity angle is
selected. After imposing all selections described above,
the reconstruction efficiency for signal ranges from 7.7%
to 15.0% over the entire q2 range. The fraction of the
self-cross-feed component, in which one or more of the
signal tracks are not correctly reconstructed, is 3.5%.
The signal yield is determined by performing a two-

dimensional, binned maximum likelihood fit to the
(Mbc,∆E) plane in 13 bins of q2 [28]. Background con-
tributions from b → u!ν, b → c!ν and non-BB̄ con-
tinuum are considered in the fit. Probability density
functions (PDFs) corresponding to these fit components
are obtained from MC simulations. To reduce the num-
ber of free parameters, the q2 bins of the background
components are grouped into coarser bins: four bins for
b → u!ν, and three bins for b → c!ν. The choice of the
binning was chosen from the total statistical error, num-
ber of parameters to fit, and the complexity of the fits.
The q2 distribution of the continuum MC [29] simulation
is reweighted to match the corresponding distribution in
off-resonance data. For this procedure, a continuum MC
sample about 60 times the integrated luminosity of the
off-resonance data is used. The continuum normaliza-
tion is fixed to the scaled number of off-resonance events,
52928 events. Including signal yields in each q2 bin, there
are 20 free parameters in the fit.
We obtain 21486 ± 548 signal events, 52543 ± 1148

b → u!ν events, and 161829± 976 b → c!ν background
events. These yields agree well with the expectations
from MC simulation studies. The χ2/n.d.f. of the fit is
2962/3308. The projections of the fit result in ∆E and
Mbc are shown in Fig. 1 for the regions q2 < 16 GeV2/c2

and q2 > 16 GeV2/c2. Bin-to-bin migrations due to
q2 resolution are corrected by applying the inverse detec-
tor response matrix [30] to the measured partial yields.

The partial branching fractions ∆B are calculated us-
ing the signal efficiencies obtained from MC simulation.
The total branching fraction B is the sum of partial
branching fractions taking into account correlations when
calculating the errors. We find B(B0 → π−!+ν) =
(1.49± 0.04(stat)± 0.07(syst))× 10−4, where the first er-
ror is statistical and the second error is systematic. This
result is significantly more precise than our previous mea-
surement [13] with B → D(∗)!+ν tags on a 253 fb−1 data
sample.

To estimate the systematic uncertainties on ∆B, we
include the following contributions: the uncertainties in
lepton and pion identification, the charged particle re-
construction, the photon detection efficiency, and the re-
quirement on the χ2 probability of the vertex fit, which
is estimated by comparing results with and without this
requirement. The results are summarized as detector ef-
fects in Table I. They depend weakly on q2 and amount
to 3.4% for the entire q2 range. We vary the branching
fractions of the decays contributing to the b → u!ν and
b → c!ν backgrounds within ±1 standard deviation of
their world-average values [31] and assign an uncertainty
of 0.6% to the total yield. We further consider form fac-
tor uncertainties in the decays B0 → π−!+ν [14], B0 →
ρ−!+ν [6, 32], B0 → D−!+ν and B0 → D∗−!+ν [33],
and uncertainties in the shape function parameters of
the inclusive b → u!ν model [34]. These uncertainties
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FIG. 2: Distribution of the partial branching fraction as
a function of q2 after unfolding (closed circles). The er-
ror bars show the statistical and the total uncertainty on
the data. The curve is the result of a fit of the BK form
factor parameterization [35] to our data. The four his-
tograms (dashed:ISGW2; plain:HPQCD; dotted:FNAL; dot-
dashed:LCSR) show various form factor predictions.

1.Extract |Vub| from integrated q2 regions 
with FF (depending on theory).

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

Belle

657M BBbar
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Methods are compatible.
|Vub| Results for EPS from         
J. Dingfelder

Method Theory&Exp. q2 |Vub|/10-3 %

1. Form 
factor

HPQCD Belle >16 3.60±0.13+0.61
-0.41

+17
-12

1. Form 
factor

FNAL Belle >16 3.44±0.13+0.38
-0.32

+12
-10

1. Form 
factor

LCSR Belle <12 3.44±0.10+0.37
-0.32

+11
-10

2. Fit
FNAL/MILC,Belle Full 3.51±0.34 10

2. Fit
FNAL/MILC,Belle+Babar Full 3.26±0.30 9

LQCD points 
highly correlated.

OR

c.f. |Vub| Inclusive (GGOU) 
~(4.34±0.16+0.15

-0.22)10-3

EPS
preliminary



10−7 < B(B0 → ν̄χ̃0
1) < 10−6
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Leptonic B decays: B→νν
• SM strongly helicity suppressed by factor of order (mν/mB)2

Gregory Dubois-Felsmann – 5 August 2004Leptonic B Decays - BaBar preliminary 3

Leptonic B decays to !+ ", l+ l–, " "

• Leptonic decays of heavy-quark mesons provide a laboratory
– For testing straightfoward SM predictions:

– For searching for non-SM effects in highly suppressed processes. Some new-
physics loop diagrams (e.g., SUSY) can enhance these by orders of magnitude.
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Leptonic B decays to !+ ", l+ l–, " "

• Leptonic decays of heavy-quark mesons provide a laboratory
– For testing straightfoward SM predictions:

– For searching for non-SM effects in highly suppressed processes. Some new-
physics loop diagrams (e.g., SUSY) can enhance these by orders of magnitude.
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Chapter 1

Signal Event Selection and
Reconstruction

1.1 Introduction

The products of invisible B0 decays are particles neither charged nor

detected by an electromagnetic calorimeter. Therefore the products can be

neutrinos or some hypothetical particles(such as neutralino, χ̃0
1).

According to the Standard Model, the B0 → νν, which would give such

an invisible experimental signature, is strongly helicity-suppressed by a factor

of order (mν/mB0)2[1].

The branching fraction for B0 → νν is given by Buchalla and Buras(1993)

B(B0 → νν) =τB0
G2

F

π

(
α

4π sin2ΘW

)2

F 2
B0m2

νmB0

×
√

1− 4m2
ν/m

2
B0 |V ∗

tbVtd|2Y 2(xt),

(1.1)

where GF is the Fermi coupling constant and τB0 is the life time of B0.

The Feynman diagrams for the B0 → νν decay in the Standard Model are

shown in Fig. 1.1.

1

•Any signal is a sign of New physics

•Several New Physics models predict 
significant BRs for invisible decay of B0

•e.g. R-parity violating models:

G. Buchalla, A.J. Buras, Nucl. Phys. 
B 400,225(1993)

NuTeV Collab., T. Adams et al., PRD 65, 015001
A. Dedes, H. Dreiner, and P. Richardson, PRL 87 41801
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Figure 1.2: Feynman diagrams for B0 → ν̄χ̃0
1 decay in the R-parity violation

model.

used for this analysis is b20090127 0910. We use Evt-gen to generate signal

MC events, and we generated 2.624 million BB pair. The signal MC events

are distributed into several groups from Exp.7 to Exp.55 according to the

proportion of these experiments in the data sample and simulated with cor-

responding experiment condition. For the background study, we use all the

official MC(10 streams for GenericB, 6 streams for continuum MC and 50

times of RareB MC), and Tau pair MC with 5 times data set.

3

R-parity violating SUSY

SM
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B→νν Fit
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• Reconstruct one B in hadronic mode, veto extra 
tracks, π0 or KL

•Clean up some EECL~0 Bkg. from non-B with cosθT  

(Angle of Btag thrust axis w.r.t. beam axis) 

•Non-B more likely to “lose” energy in beam pipe. 

• 2-D [EECL,cosθB] un-binned Max.-Likelihood fit 

•non-B shape from off-resonance data

Belle
Preliminary

Results Yield(±stat)
Signal 9±6
Other BB 132+22-23
Rare B ~4
Non-B -23+22-17

New@
EPS
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B→νν Limit
•Obtain likelihood L(Nsig) distribution for the signal yield in fit. (Small) 

systematic added by smearing likelihood function.

90% C.L. BR < 1.3 x 10-4

Belle Preliminary 657M BBbar

• KL, π0, track veto efficiencies calibrated 
with B→D(*)lν in low EECL region.

•Conservative tagging efficiency 
systematic uncertainty.

c.f. (Babar)  BR < 2.2 x 10-4

Systematics: Belle Preliminary
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Figure 4.16: The EECL(left) and cos θB(right) distributions with fit results.
The points with error bar are data. The red region is signal PDF, brown is
GenericB, green for nonB and pink for RareB. From the fit result, we don’t
find any entry for non-B event.

4.5 Branching fraction upper limit estima-
tion

Because the B → invisible decay is not significant, we evaluate the upper

limit at 90% confidence level. The upper limit on the B yield, N , is obtained

by integrating the likelihood function L(n):

N!

0

L(n)dn = 0.9
∞!

0

L(n)dn, (4.5)

where n denotes to the signal yield.

The systematic error are taken into account by smearing the likelihood

function with a gaussian which width is the systematic uncertainty,

Lsmear(Nsig) =
!
L(N ′

sig)
e
−

(Nsig−N
′
sig)

2

2∆N2
sig

√
2π∆Nsig

dN
′

sig. (4.6)

Figure 4.17 shows the likelihood distributions before and after smearing.

Finally, we determine the branching fraction B(B → invisible) < 1.3 ×
10−4 at the 90% C.L.
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New full reconstruction
• *New* Neurobayes (neural network) tag B reconstruction in hadronic modes.

• >~3 x statistical gain over previous tagged analyses, with improved S/B.

CBall Signal

15

FIG. 1: Missing mass squared (M2
miss) distributions after all selection criteria, for (a) B → π+"ν,

(b) B → π0"ν, (c) B → ρ+"ν, (d) B → ρ0"ν, and (e) B → ω"ν modes. Data is indicated by

the points with error bars. The signal histogram (lightest shade in greyscale in each case) shows
the fitted prediction based on the LCSR model [24, 25]. The green histogram (middle shade in
greyscale) shows the fitted b → u"ν background contribution. The crimson histogram (darkest

shade in greyscale) shows the fitted background contribution from other sources. The fitting
method is explained in the text.
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•All hadron tag B 
analyses (leptonic 
and semileptonic 
decays) are being 
reviewed.

• e.g. B→π l ν
Old Btag

 Δstat~18% New Btag 
Δstat~7%

B→π l ν
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Summary of Belle (Semi)Leptonic Results

•Exclusive |Vcb|= (38.0±0.2±1.1±0.7(FF)) x 10-3 (Belle)

•Exclusive |Vub|=(3.51±0.34) x 10-3 (Belle&LQCD fit)

•tension with inclusive measurements ~2-3σ
•BR(B→DsKlν & B→Ds

*Klν) measured separately for the first 
time, key for Bs→Ds l ν X measurements.

•BR(DsKlν)=3.0±1.2+1.1
-0.8 x 10-4 (Belle preliminary)

•BR(Ds
*Klν)=2.9±1.6+1.1

-1.0 x 10-4 (Belle preliminary)

•B→invisible final states: New limit: 

•BR<1.3 x 10-4   (Belle preliminary)

•New B tagging technique developed. Increases statistical power 
of all missing energy (ν) decay analyses that use hadron tag ~3x. 
Results coming.
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Phillip Urquijo ! (Semi)Leptonic Decays at Belle, EPS2011

B-factory Approaches to Measuring B→Xlν
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.
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B→νν Reconstruction
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