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Semileptonic B Decays at Belle II

Precision CKM tests
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Tag-Side Reconstruction using the Full Event Interpretation

� flavor constraint: B
+
tag → B

−
sig

� kinematic constraint:

pν = p
e

+
e
− − pBtag − pXc − p`

(Comp. Softw. Big Sci. (2019) 3: 6)

� MVA based tagging algorithm reconstruction B

decays using a hierarchical approach

� reconstruction of O(10, 000) distinct decay chains

� up to 30-50% improved efficiency at same purity

compared to Belle Full Reconstruction
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https://link.springer.com/article/10.1007/s41781-019-0021-8


B → πe+νe



|Vub| from B → πe+νe NEW

� reconstruct B → πe
+
νe (π = π

+
/π

0
)

� main challenges: sample size, π
0

reconstruction

� likelihood fit of m
2
miss in three q

2
= (pe + pνe )

2
bins

� observed significance 3.8σ − 5.4σ

B
0 → π

−
e

+
νe

m
2
miss = (p

e
+
e
− − pBtag − p` − pπ )

2

B(B
0 → π

−
e

+
νe) = (1.43± 0.27 (stat.)± 0.07 (sys.))× 10

−4
(PDG: (1.50±0.06)×10

−4
)

B(B
+ → π

0
e

+
νe) = (8.33± 1.67 (stat.)± 0.55 (sys.))× 10

−5
(PDG: (7.80±0.27)×10

−5
)
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|Vub| from B → πe+νe NEW

B
0→π−e

+
νe B

+→π0 e+
νe

� unfolded q
2

spectrum translated into differential branching fraction dB/dq
2

� χ
2

fit of dB/dq
2 ∝ |Vub|

2
f

2
+(q

2
) using BCL form factor parameterization and lattice QCD constraints

(Fermilab/MILC) (arXiv:1503.07839)

� combined fit → |Vub| = (3.88± 0.45)× 10
−3

(PDG: (3.67±0.15)×10
−3

)
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B0 → D∗−`+ν`



|Vcb| from B0 → D∗−`+ν` NEW

� reconstruct decay chain B
0 → D

∗−
(→ D

0
(→ K

+
π
−

)π
−

)`
+

� event selection based on:

� mD

� ∆m = mD
∗ −mD

� m2
miss = (p

e
+
e
− − pBtag − p` − pD∗)2

� main challenges: low momentum π efficiency
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 D→ 0 B

→ B(B
0 → D

∗−
`

+
ν`) = (5.27± 0.22 (stat.)± 0.38 (sys.)) % (PDG: (5.66±0.22)%)
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|Vcb| from B0 → D∗−`+ν` NEW
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w=(m
2
B +m

2

D
∗−q

2
)/(2mB m

D
∗ )

� fit dΓ
dw
∝ F2

(w)|Vcb|
2
η

2
EW using CLN form factor

parameterization, R1(1) & R2(1) constrained to HFLAV

averages (Nucl. Phys. B530, 153 (1998))

� ηEWF (1)|Vcb| = (35.3± 0.4×)10−3

� ρ2 = 0.94± 0.21

→ |Vcb| = (37.9± 2.7)× 10
−3

(PDG: (39.5±0.9)×10
−3

)
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https://doi.org/10.1016/S0550-3213(98)00350-2


B → Xc`ν`



q
2 Moments from B → Xc`ν` NEW

9. The Decay B æ Xu¸‹

The B meson, being the lightest meson containing a b quark, can only decay via the weak
interaction. In the following I discuss the semileptonic decay B æ Xu¸‹, where the final
state consists of a hadronic (Xu) and a leptonic (¸‹) system.

At the energy scale of the B meson mass the propagator term of the virtual W± boson
can be integrated out and the weak interaction is described by the e�ective coupling GF
together with the corresponding CKM matrix elements. However, at this energy scale
the bound state of the two quarks, of which the B meson is composed, is described by
non-perturbative QCD. In case the virtual W± boson decays into a lepton and neutrino
pair there exists no strong interaction between the decay products of the W± and the
hadronic system Xu. Therefore it is possible to factorize the strong and weak interaction
contributions and treat them separately.

The e�ective Standard Model (SM) Lagrangian describing these decays is given by

Le� = ≠4GFÔ
2

Vub(u“µPLb)(‹“µPL¸) + h.c., (9.1)

with Fermi’s constant GF, the CKM matrix element Vub and the projection operator
PL = (1 ≠ “5)/2. The decay B æ fi¸‹ is shown at parton level and as an e�ective diagram
in Figure 9.1.

b u

d d

⌫

`+

W+

B0 ⇡�

(a) Parton level Feynman diagram.

B0 ⌫

`+

⇡�

(b) E�ective Feynman diagram.

Figure 9.1.: One possible parton level Feynman diagram (a) and the e�ective Feynman
diagram (b). In the e�ective Feynman diagram, the propagator of the W is
integrated out, i.e. the weak interaction is point-like, and the gluon interactions
are described by the blob.
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� HQE: Γ, 〈Mn
X 〉, 〈E

∗
`
n〉, . . .

� global fit: |Vcb| and HQE parameters at O(1/m
3
b)

(model-independent)

� reparameterization invariance: 13 → 8 HQE parameters for Γ

at O(1/m
4
b) (arxiv:1812.07472)

� parameter reduction also valid for q
2

moments
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https://arxiv.org/pdf/1812.07472.pdf


q
2 Moments from B → Xc`ν`

Bkg. Subtraction
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∑
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2
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2n
calib,i∑

i wi (q
2
)

× Ccalib × Cgen

� likelihood fits to MX distributions to determine background normalization

� bkg. subtraction via event-wise weights

� event-wise calibration removing resolution & selection effects

� main challenges: background modeling at low q
2
, impact of B → Xc`ν` modeling on calibration
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q
2 Moments from B → Xc`ν` NEW
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� q
2

moments as functions of lower q
2

thresholds

� first measurements for lower q
2

thresholds in the region 1.5− 2.5 GeV
2

(covering up to 77% of available

phase space)

� to be submitted to PRD soon, expect new inclusive
∣∣∣Vc b

∣∣∣ fit in the near future
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B → K∗``



Branching Fraction of B → K∗`+`− NEW

� reconstruct B → K
∗

(→ K
+
π
−
,K

+
π
0
,K

0
S π

+
)`

+
`
−

� 2D likelihood fit to Mbc = (s/4− p
∗
B

2
)

1/2
and ∆E = E

∗
B −
√
s/2

� BF measurement over entire q
2

range excluding J/ψ & ψ(2S) resonances

� observed signal significance 3.6σ − 5.9σ

B(B → K
∗
µ

+
µ
−

) = (1.28± 0.29
+0.08
−0.07)× 10

−6
(PDG: (1.06±0.09)×10

−6
)

B(B → K
∗
e

+
e
−

) = (1.04± 0.48
+0.09
−0.09)× 10

−6
(PDG: (1.19±0.20)×10

−6
)

B(B → K
∗
`

+
`
−

) = (1.22± 0.28
+0.08
−0.07)× 10

−6
(PDG: (1.06±0.10)×10

−6
)

→ independent check of R(K
(∗)

) anomalies with a few 1 ab
−1

B → K
∗
`

+
`
−
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Summary

� precision measurements of
∣∣Vc b

∣∣ and
∣∣Vub

∣∣ import aspect of semileptonic physics program

at Belle II

� LFU vioaltion in b → s `` transistions one focus of the EW penguin program

� first results (all new for Moriond):

�

∣∣Vub

∣∣ from B → πe+νe
�

∣∣Vc b

∣∣ from B0 → D∗−`+ν`
� q2 moments of B → Xc`ν`
� BF measurements for B → K∗`+`−
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BACKUP
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SuperKEKB and Belle II Detector
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B → πe+νe Branching Fractions

q
2

bin Signal efficiency Unfolded signal yield ∆B

B
0 → π

−
e

+
νe

0 GeV
2 ≤ q

2
< 8 GeV

2
(0.189 ± 0.002)% 15.5 ± 4.6 (0.61 ± 0.18(stat) ± 0.03(syst)) ×10

−4

8 GeV
2 ≤ q

2
< 16 GeV

2
(0.239 ± 0.003)% 15.3 ± 4.8 (0.48 ± 0.15(stat) ± 0.02(syst)) ×10

−4

16 GeV
2 ≤ q

2 ≤ 26.4 GeV
2

(0.229 ± 0.003)% 10.3 ± 4.2 (0.34 ± 0.14(stat) ± 0.02(syst)) ×10
−4

Sum – 41.1 ± 7.8 (1.43 ± 0.27(stat) ± 0.07(syst)) ×10
−4

Fit over full q
2

range (0.217 ± 0.002)% 42.0 ± 7.9 (1.45 ± 0.27(stat) ± 0.07(syst)) ×10
−4

World average – – (1.50 ± 0.06) ×10
−4

q
2

bin Signal efficiency Unfolded signal yield ∆B

B
+ → π

0
e

+
νe

0 GeV
2 ≤ q

2
< 8 GeV

2
(0.329 ± 0.004)% 12.9 ± 4.7 (2.90 ± 1.12(stat) ± 0.19(syst)) ×10

−5

8 GeV
2 ≤ q

2
< 16 GeV

2
(0.439 ± 0.005)% 18.1 ± 5.1 (3.05 ± 0.91(stat) ± 0.20(syst)) ×10

−5

16 GeV
2 ≤ q

2 ≤ 26.4 GeV
2

(0.451 ± 0.006)% 14.5 ± 4.9 (2.38 ± 0.85(stat) ± 0.16(syst)) ×10
−5

Sum – 45.5 ± 8.5 (8.33 ± 1.67(stat) ± 0.55(syst)) ×10
−5

Fit over full q
2

range (0.402 ± 0.003)% 43.9 ± 8.3 (8.06 ± 1.62(stat) ± 0.53(syst)) ×10
−5

World average – – (7.80 ± 0.27) ×10
−5
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B → πe+νe Systematic Uncertainties

Source % of % of

B(B
0 → π

−
e

+
νe) B(B

+ → π
0
e

+
νe)

q
2

bin index 1 2 3 1 2 3

NBB̄ 2.9

f+0 1.2

FEI calibration 3.2 3.1

Tracking 0.6 0.3

π
0

efficiency – 4.8

Signal efficiency ε 1.3 1.2 1.4 1.3 1.2 1.3

Electron ID 1.0 0.4 0.4 1.0 0.5 0.5

Pion ID 0.4 0.4 0.4 –

Total 4.8 4.7 4.8 6.7 6.7 6.7
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B0 → D∗−`+ν` Systematic Uncertainties

Systematic sources Relative uncertainty (%)

FEI efficiency 3.9

Low momentum π efficiency 4.1

Tracking efficiency 0.9

Lepton particle identification 2.0

Background 1.2

NBB 2.9

f+0 1.2

B
(
D
∗− → π

−
D

0
)

0.7

B
(
D

0 → K
+
π
−
)

0.8

ECL energy 1.0

Form factor 0.1

MC statistics 1.8

Total 7.3
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∣∣Vcb

∣∣ and ∣∣Vub

∣∣ at Belle II
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CKMFitter Unitarity
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|Vcb| Inclusive
PDG CKM Review
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PDG CKM Review

B0
s D(*) +  CLN

Phys.Rev.D 101 (2020) 7, 0720047
B0

s D(*) +  BGL
Phys.Rev.D 101 (2020) 7, 0720047

B0
s D(*) +  BGL

Phys.Rev.D 101 (2020) 7, 0720047
Belle II

(Credit: Markus Prim)

� measured |Vxb| values compatible with WA

� precision limited data sample size

� future improvements with untagged analyses of SL decays (εtagged < 1% vs. εuntagged ≈ (20− 30)%)
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q
2 Moments from B → Xc`ν`

Decay B(B
+

) B(B
0
)

B → D ` ν` (2.4± 0.1)× 10
−2

(2.2± 0.1)× 10
−2

B → D
∗
` ν` (5.5± 0.1)× 10

−2
(5.1± 0.1)× 10

−2

B → D1 ` ν` (6.6± 1.1)× 10
−3

(6.2± 1.0)× 10
−3

B → D
∗
2 ` ν` (2.9± 0.3)× 10

−3
(2.7± 0.3)× 10

−3

B → D
∗
0 ` ν` (4.2± 0.8)× 10

−3
(3.9± 0.7)× 10

−3

B → D
′
1 ` ν` (4.2± 0.9)× 10

−3
(3.9± 0.8)× 10

−3

B → Dππ ` ν` (0.6± 0.9)× 10
−3

(0.6± 0.9)× 10
−3

B → D
∗
ππ ` ν` (2.2± 1.0)× 10

−3
(2.0± 1.0)× 10

−3

B → Dη ` ν` (4.0± 4.0)× 10
−3

(4.0± 4.0)× 10
−3

B → D
∗
η ` ν` (4.0± 4.0)× 10

−3
(4.0± 4.0)× 10

−3

B → Xc`ν` (10.8± 0.4)× 10
−2

(10.1± 0.4)× 10
−2
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q
2 Moments from B → Xc`ν`

q
2
th [Gev

2
/c

4
] 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5

〈q2〉 [Gev
2
/c

4
] 5.16 5.49 5.79 6.09 6.38 6.69 7.01 7.32 7.62 7.93 8.23 8.53 8.82 9.10 9.39

Calibration (MC Statistics) Calib. Curve (Stat. Unc.) 0.63 0.56 0.49 0.43 0.38 0.33 0.29 0.26 0.25 0.26 0.28 0.30 0.33 0.37 0.40

Bias Corr. (Stat. Unc.) 0.10 0.09 0.09 0.08 0.08 0.08 0.07 0.07 0.07 0.07 0.06 0.06 0.06 0.06 0.06

Calibration (Xc Model) B(B → D`ν) 0.10 0.09 0.08 0.07 0.06 0.05 0.04 0.04 0.03 0.02 0.02 0.01 0.01 0.00 0.00

B(B → D
∗
`ν) 0.33 0.29 0.24 0.21 0.17 0.14 0.11 0.09 0.07 0.05 0.04 0.03 0.02 0.01 0.00

B(B → D
∗∗
`ν) 0.71 0.63 0.55 0.48 0.40 0.34 0.28 0.23 0.18 0.13 0.10 0.07 0.05 0.03 0.02

Non-Res. Xc Dropped 0.31 0.63 0.75 0.76 0.69 0.60 0.48 0.39 0.32 0.25 0.18 0.14 0.11 0.08 0.06

Non-Res. Xc Repl. w/ D
′
1, D

∗
0 0.34 0.49 0.51 0.45 0.37 0.29 0.18 0.10 0.04 0.02 0.00 0.03 0.03 0.03 0.01

B → D`ν Form Factor 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

B → D
∗
`ν Form Factor 0.08 0.07 0.07 0.07 0.06 0.06 0.06 0.05 0.05 0.05 0.04 0.04 0.04 0.04 0.03

Calibration (Reconstruction) PID Uncertainty 0.14 0.12 0.11 0.09 0.08 0.07 0.05 0.04 0.03 0.02 0.02 0.01 0.01 0.01 0.01

Nγ Reweighted 0.30 0.27 0.24 0.22 0.20 0.18 0.16 0.14 0.14 0.13 0.13 0.12 0.11 0.10 0.10

Ntracks Reweighted 1.09 1.00 0.92 0.85 0.78 0.72 0.65 0.60 0.55 0.51 0.47 0.44 0.41 0.38 0.35

Emiss − pmiss Reweighted 0.26 0.22 0.21 0.19 0.18 0.17 0.15 0.15 0.14 0.14 0.13 0.12 0.12 0.11 0.09

Tracking Efficiency 0.13 0.12 0.11 0.10 0.09 0.09 0.08 0.07 0.06 0.06 0.05 0.05 0.05 0.04 0.04

Background Subtraction Spline Smooth. Factor 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Bkg. Yield & Shape 1.39 1.15 0.90 0.77 0.63 0.47 0.33 0.23 0.16 0.10 0.06 0.03 0.02 0.05 0.06

Other Non-Closure Bias 0.18 0.21 0.16 0.11 0.06 0.05 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.01 0.02

Stat. Uncertainty 0.27 0.24 0.21 0.20 0.18 0.16 0.16 0.15 0.14 0.14 0.13 0.13 0.13 0.13 0.13

Syst. Uncertainty 2.14 1.99 1.80 1.64 1.44 1.23 1.02 0.88 0.77 0.69 0.62 0.59 0.57 0.56 0.57

Total Uncertainty 2.16 2.00 1.81 1.65 1.45 1.24 1.03 0.89 0.78 0.70 0.64 0.61 0.59 0.58 0.58
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B → K∗`+`− Systematic Uncertainties

Source Systematic (%)

signal shape ∼ 1.0

µ identification
+1.9
−0.8

e identification
+0.9
−0.5

K
+

identification 0.4

π
+

identification 2.5

K
0
S identification 2.0

π
0

identification 3.4

FastBDT 1.3− 1.7

limited MC statistics < 0.5

signal cross feed ∼ 1%

tracking 1.2− 1.5

f
+−(00)

1.2

number of BB̄ pairs 2.9

Total
+6.7
−6.0
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Expected R(D(∗)) Precision

7
Latest results on semileptonic and electroweak penguin decays at Belle II - Maximilian Welsch


	B   to   e  + e  
	B  0 to D  *-  +  
	B   to X c     
	B   to K      
	Appendix

