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Why are |Vub| and |Vcb| important?
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Status of |Vub| and |Vcb|
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Semileptonic B reconstruction

Collide e+ and e− at the energy
to make Υ(4S) particles

Υ(4S) decays to B+B− and
B0B̄0 >96% of the time.

Tagged approach:

I Reconstruct one B meson as
tag-side (Btag) hadronic or SL

I Study remaining B meson as
signal (Bsig)

I pν = pe+e− − pµ− − pπ − pBtag

Untagged approach:

I Reconstruct signal first.
I Inclusively sum over all tracks

and clusters in remaining event
or only use signal information
e.g pl , cos θBHl

B+

B−

π+

D0

K−
π+

l− ν̄l

e+e−
Υ(4s)
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Exclusive theory

Λ0
b

B̄0
Vub/Vcb

b u/c

W− l−

ν̄l

π+/D+

p / Λ+
c

u

d̄ d

Matrix element factorises
M = −i GF√

2
VqbH

µLµ

B ∝M2 ∝ |Vqb|2

Hµ(fi (q
2)) = 〈X |q̄γµ(1− γ5)b|B〉

Form factors fi (q
2) computed with

LCSR [see N. Gubernari] or LQCD
[see A. Kronfeld]

H. Na et al. PRD 92 054510 (2015)
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Exclusive |Vub| from untagged B̄0→ π+l−ν̄l
Select good π and l candidates.

Υ(4s)

Rest of Event

B̄0

π+

l−

ν̄l

e+e−

pν =(Emiss, pmiss)

=pe+e− − pπ − pl

−
∑

ptracks −
∑

pclusters

pB = pπ + pl + (Pmiss, pmiss)

Fit Mbc =
√

E∗2
beam − P∗2

B and
∆E = E∗B − E∗beam, (∗ =⇒ CoM).
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Exclusive |Vub| from tagged B̄0→ π+l−ν̄l

pν = pe+e− − pπ − pl − pBtag

Fit Missing Mass Squared (p2
ν)

Υ(4s)

B0
tag

B̄0

π+

l−

ν̄l

e+e−

Measurement Reference

Belle (13 q2 bins) Phys. Rev. D88, 032005 (2013)

Improved tag-side reconstruction algorithm:
Full Event Interpretation

Reconstructs O(5000) decay chains.

Higher tag-side efficiency at lower purities.
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Belle II preliminary

NB± = 389 ± 43
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PFEI > 0.2
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Projected |Vub| from B̄0→ π+l−ν̄l decays

MC tagged and untagged analyses
peformed in the B2TIP report
[arXiv:1808.10567]
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Toy MC tagged data
1σ band - lattice only, scaled
1σ band - tagged
1σ band - untagged

0 10 20 30 40 50

L [ab−1]

0

1

2

3

4

5

6

7

σ
V
u
b

[%
]

current
status

Belle II MC

tagged + current LQCD

untagged + current LQCD

tagged + LQCD in 5 yrs

untagged + LQCD in 5 yrs

tagged + LQCD in 10 yrs

untagged + LQCD in 10 yrs

Source Error (Limit) [%]
Tagged [%] Untagged

Tracking efficiency 0.4 2.0
Pion identification – 1.3
Lepton identification 1.0 2.4
Kaon veto 0.9 –
Continuum description 1.0 1.8
Tag calibration and N

BB
4.5 (2.0) 2.0 (1.0)

Xu`ν cross-feed 0.9 0.5 (0.5)
Xc`ν background – 0.2 (0.2)
Form factor shapes 1.1 1.0 (1.0)
Form factor background – 0.4 (0.4)

Total 5.0 4.5
(reducible, irreducible) (4.6, 2.0) (4.2, 1.6)
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|Vub| from inclusive decays

B
Vub/Vcb

b u/c

W− l−

ν̄l

Xu/Xc

Large background from b → c

Exploit b → c kinematic endpoints.

|Vub| =
√

∆B/(τB∆Γ)

Phys. Rev. Lett. 104, 021801

d3Γ

dp+
X

dp−
X

dE`
=

G2
F |Vub|2

192π3

∫
dk C(E`, p

−
X , p

+
X , k) F (k)

+ O
( ΛQCD

mb

)

F (k) pdf of b quark momentum, k

C(E`, p
−
X , p

+
X , k) computed perturbatively
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Future of inclusive |Vub|

Exp. Theory Total

605 fb−1 6.0% 2.5-4.5% 6.5-7.5%
5 ab−1 2.3% 2.5-4.5% 3.4-5.1%

50 ab−1 1.7% 2.5-4.5% 3.0-4.8%

F (k) =
∑
n

(cnfn(k))2

Belle II Projection
(exp. + param. uncertainties)

4.65 4.70 4.75
4.0

4.1

4.2

4.3

4.4

4.5
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|Vcb| from B → Dlν

Tagged: fit M2
miss in bins of w [Phys. Rev. D93,

032006 (2016)] w = (m2
B + m2

D(∗) − q2)/(2mBmD(∗) )

Untagged fit of BaBar to p∗D , p∗l and cosθBDl

Latest LQCD (2015)
PRD 92 054510, PRD 92 034506

]-3|  [10
cb

 G(1) |V
EW

η
10 20 30 40 50

]-3|  [10
cb

 G(1) |V
EW

η
10 20 30 40 50

ALEPH 
 7.33± 10.05 ±36.67 

CLEO 
 3.47± 5.70 ±44.18 

BELLE 
 1.21± 0.60 ±41.94 

BABAR global fit
 2.14± 0.74 ±42.23 

BABAR tagged 
 1.26± 1.71 ±42.60 

Average 
 0.89± 0.45 ±41.57 

HFLAV
Summer 2016
/dof = 4.7/ 8 (CL = 79.30 %)2χ

Luminosity Prediction

Untagged vs tagged, B ! Dl ⌫̄l (preliminary)

L[1/ab]
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untagged: stat.(+)syst.
untagged: syst.
untagged: computed points
tagged: stat.(+)syst.
tagged: syst.
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|Vcb| from B → D∗lν

Untagged: 3D fit (cos θBD∗ l , pl ,
∆M) [Belle: PRD 82, 112007
(2010), arXiv:1809.03290]

Tagged fit to M2
miss [Belle: arXiv:1702.01521]

Fits performed in 1D bins of angular variables
and w .

William Sutcliffe The Prospects for |Vub| and |Vcb| at Belle II 4 April 2019 13 / 33



|Vcb| from B → D∗lν

]-3|  [10
cb

 F(1) |V
EW

η
25 30 35 40

]-3|  [10
cb

 F(1) |V
EW

η
25 30 35 40

ALEPH
  1.3±  1.8 ±31.0 

CLEO
  1.6±  1.2 ±39.7 

OPAL excl
  1.6±  1.6 ±35.8 

OPAL partial reco
  2.3±  1.2 ±37.0 

DELPHI partial reco
  2.3±  1.4 ±35.2 

DELPHI excl
  2.0±  1.7 ±35.8 

BELLE
  1.0±  0.2 ±34.4 

BABAR excl
  1.0±  0.3 ±33.6 

BABAR D*0
  1.3±  0.6 ±35.0 

BABAR global fit
  1.1±  0.2 ±35.5 

Average
  0.4±  0.1 ±35.6 

HFLAV
Summer 2016

/dof = 30.2/23 (CL = 14.40 %)2χ Luminosity Prediction

Untagged vs tagged, B ! D⇤l ⌫̄l (preliminary)

L[1/ab]
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Δ
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0.005
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0.015

0.02

0.025

0.03

νB->D*l
untagged: stat.(+)syst.
untagged: syst.
untagged: computed points
tagged: stat.(+)syst.
tagged: syst.

Michel Bertemes (Physikalisches Institut Uni Bonn) Studies of B ! DXl⌫̄l decays with Belle II 25th October 2017 23 / 26

Analysis of arXiv:1702.01521 by independent
groups

[D.Bigi et. al., PLB (2017) 441, B.Grinstein et al.,
PLB 771 (2017) 359]

New LQCD at non-zero recoil imminent:
arXiv1901.00216
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|Vcb| from inclusive B → Xc lν decays

Γ =
G 2

Fm
5
b

192π3
|Vcb|2

(
1 +

c5(µ)O5(µ)

m2
b

+
c6(µ)O6(µ)

m3
b

+O
(

1

m4
b

))

Operator Product Expansion
(OPE):

I Oi : hadronic matrix elements
(non-perturbative)

I ci : coefficients (perturbative)

Order Kinetic 1S

O(1) mb, mc mb

O(1/m2
b) µ2

π, µ2
G λ1, λ2

O(1/m3
b) ρ3

D , ρ
3
LS ρ1, τ1−3

Moments of El , MX can be expressed with same OPE formulation.

=⇒ Measure moments to constrain expansion parameters.
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Inclusive |Vcb| at Belle

Analyses used 140 fb−1 and older
tagging =⇒ ×O(10) statistics with
Belle dataset.

PRD 75, 032001 (2007):
I Fit of pl for B → Xceνe in B rest

frame.
I Unfolded Ee and determined its

moments and a B
PRD 75, 032005 (2007):

I Fit of M2
X for B → Xc lνl

I Calculated moments of this
distribution.

Expect 1.2% uncertainty on inc. |Vcb|
from Belle II with 5 ab−1
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Summary of |Vub| projections
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The future of |Vub| and |Vcb|

40 42 44
|Vcb| x 103

2016

2018

2023

2027

Exclusive B → D(∗)lν Inclusive B → Xclν

3.5 4.0 4.5
|Vub| x 103
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Exclusive B → πlν Inclusive B → Xulν
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Conclusion

Exclusive determination of |Vub| from B → πlν decays will be most
precise (1-2%)

Exclusive and inclusive determinations of |Vcb| will have a precision of
1− 1.5%.

Precision tree level determinations of |Vub| and γ will allow a stringent
testing of any incompatibility with loop level CKM observables.
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B → D(∗)lν form factor parametrisations

dΓ

dw B→Dlν
=
G 2

Fm
3
D

48π3
(mB + mD)2(w 2 − 1)3/2

× G2(w)|Vcb|2

w = (m2
B + m2

D(∗) − q2)/(2mBmD(∗) )

CLN [Nucl. Phys. B530, 153 (1998)]

G(z) =G(1)(1− 8ρ2z + (51ρ2 − 10)z2)−

(252ρ2 − 84)z3))

z(w) =(
√
w + 1−

√
2)/(
√
w + 1 +

√
2)

BGL [Phys. Rev. Lett, 74,4603 (1995)]

fi (z) =
1

Pi (z)φi (z)

∑
n

ai,nz
n

dΓ

dw B→D∗ lν
=

∫∫∫
dΓ

dwdθldθνdχ
dθldθνdχ

dΓ

dq
=
G 2

Fm
3
D∗

48π3
(mB −mD∗)2(w 2 − 1)3/2

× u(w)F2(w)|Vcb|2

CLN pars F(1), ρ2, R1(1) and R2(1)
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|Vub| from leptonic decays

B(B− → l−ν̄l) =
G 2

FmBm
2
l

8π

(
1− m2

l

m2
B

)
f 2
B |Vub|2τB

b̄

u

Vub

νl

l+

B+

Expect 3% uncertainty on |Vub| from B → τν
tagged and B → µν untagged.

5 ab−1 50 ab−1

Had. tag 7.5 3.2
SL. tag 6.3 2.8

Bs are hierarchical with lepton mass
due to helicity suppresion.

fB = 187.1MeV (0.7%)

3 σ evidence for B → µν [see talk of
M. Prim]
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Global |Vub| determination from B̄0→ π+l−ν̄l decays

Fit data and form factor, f+(q2) under a BCL parametrisation.

f+(q2, ~b) =
1

1− q2/m2
B∗

K−1∑
k=0

bk

[
zk − (−1)k−K k

K
zK
]
, z =

√
1− q2/t+ −

√
1− t0/t+√

1− q2/t+ +
√

1− t0/t+

χ2 = (∆ ~B−τB∆~Γ(~b, |Vub|))TC−1(∆ ~B−τB∆~Γ(~b, |Vub|))+(~b−~bLQCD)TC−1
LQCD(~b−~bLQCD)

|Vub| = (3.70± 0.10(exp.)± 0.12(th.))× 10−3 ( data + LQCD) 4.2%
|Vub| = (3.67± 0.09(exp.)± 0.12(th.))× 10−3 ( data + LQCD + LCSR) 4%
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Previous Belle B̄0→ π+l−ν̄l systematics

Source Error (Limit) [%]
Tagged [%] Untagged

Tracking efficiency 0.4 2.0
Pion identification – 1.3
Lepton identification 1.0 2.4
Kaon veto 0.9 –

Continuum description 1.0 1.8

Tag calibration and NBB 4.5 (2.0) 2.0 (1.0)

Xu`ν cross-feed 0.9 0.5 (0.5)
Xc`ν background – 0.2 (0.2)
Form factor shapes 1.1 1.0 (1.0)
Form factor background – 0.4 (0.4)

Total 5.0 4.5
(reducible, irreducible) (4.6, 2.0) (4.2, 1.6)
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|Vub| from Λb→ pµ−νµ decays at LHCb

Fit the corrected mass for
q2 >15 GeV2:

Mcorr =
√
p2
⊥ + M2

pµ + p⊥
Λb

PV SV

pµ

p

µ

ν

p⊥

p⊥

|Vub|2

|Vcb|2
=
B(Λb→ pµ−νµ)q2>15GeV 2

B(Λb→ Λcµ−νµ)q2>7GeV 2
RFF

|Vub| = (3.27± 0.23)× 10−3

Nat. Phys. volume 11, (2015)
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Prospects for |Vub| from Λb→ pµ−νµ decays

B(Λc → pKπ) improves in line
with Belle II data

Account for increased
luminosity, collision energy and
trigger improvements.

A differential q2 measurement
would reduce the theory
uncertainty.

Albrecht et al. arXiv:1709.10308v5
LHCb 8 fb−1 22 fb−1 50 fb−1

|Vub/Vcb| 3.4% 2.9% 2.1%
|Vub| 3.8% 3.3% 2.4%
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B̄0→ π+l−ν̄l prospects

Tagged and untagged analyses
performed on Belle II MC.

Untagged use optimised BDT
selections for tracks and clusters
in the Rest of the event.

Tagged uses the Belle 2 tagging
algorithm (FEI)

Belle ε Belle II ε

untagged 7.7-15% 20%

tagged 0.3% 0.55%
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B̄0
s → K+µ−νµ Prospects

Smaller theoretical uncertainty
than B̄0→ π+l−ν̄l
LHCb measurement to come!
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At Belle II expect 60M B
(∗)
s B̄

(∗)
s

pairs in 1ab−1

5-10% precision on the decay
rate with 1ab−1
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Tagging performance

mbc =
√

E 2
B − p2

B

EB =
√
s/2
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FR = Full Reconstruction
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Calibration of hadronic tagging

Use the FEI on Belle data to reconstruct several well known
semileptonic decays.

ε = NDATA/NMC

0.4 0.6 0.8 1.0 1.2 1.4 1.6

ε = Ndata/Nmc

B− → D0(K−π+)`−ν

B− → D0(K−π+π+π−)`−ν

B− → D0(K−π+π0)`−ν

B− → D∗0(D0(K−π+)π0)`−ν

B− → D∗0(D0(K−π+)γ)`−ν

B0 → D−(K+π−π−)`+ν

B0 → D−(K+π−π−π−π+)`+ν

B0 → D−(K+π−π−π0)`+ν

B0 → D∗−(D
0
(K+π−)π−)`+ν

B0 → D∗−(D−(K+π−π−)π0)`+ν

εcharged = 0.74± 0.05 εneutral = 0.86± 0.07
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B− → τ−ν̄τ status

Reconstruct Btag hadronically or
semileptonic.

τ reconstructed in e−ντ ν̄e ,
µ−ντ ν̄µ, π−ν̄τ , ρ−ν̄τ ,

Fit sum of remaining energy in
the EM calorimeter (EECL)
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Projecting |Vub| from B− → τ−ν̄τ

Belle Hadronic

Belle Semileptonic

Pseudo analysis performed on Belle 2 MC

∫
L (ab−1) 1 5 50

Had. tag
stat. uncertainty (%) 29.2 13.0 4.1
syst. uncertainty (%) 12.6 6.8 4.6
total uncertainty (%) 31.6 14.7 6.2

SL. tag
stat. uncertainty (%) 19.0 8.5 2.7
syst. uncertainty (%) 17.9 8.7 4.5
total uncertainty (%) 26.1 12.2 5.3
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|Vub| from B− → µ−ν̄µ decays

Experiment Upper limit @ 90% C.L. Comment

Belle 2.7× 10−6 Fully reconstructed hadronic tag, 711 fb−1

Belle 1.7× 10−6 Untagged analysis, 253 fb−1

BaBar 1.0× 10−6 Untagged analysis, 468× 106 BB̄ pairs
Belle 2.9× 10−7 Untagged analysis, 711 fb−1

Untagged using CoM p∗µ

Tagged use pB
µ = mB/2 =⇒ high resolution

but smaller statistics.

50 ab−1 BStat. BSyst. |Vub|
Belle II Untagged ∼ 5% ∼ 5% 3-4%

Belle II tagged ∼ 13% - -
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The Belle II Experiment

See P. Urquijo’s talk
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