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The semileptonic b → c decay
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Hadronic sector

Leptonic sector

Factorizing leptonic and hadronic currents
High branching ratios ‐ 20% of all B decays
Hadronic influence cancels in ratio

Access to many observables:
R(D(∗)), AFB , Pτ (D∗), FL,τ (D(∗)), |Vcb|

2/21 September 16, 2025 Philipp Horak: |Vcb| measurements at Belle II



The semileptonic b → c decay
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W−gEW × Vcb

Hadronic sector

Leptonic sector

Excl. Vcb
B → D`ν, B → D∗`ν, ..

B ∝ |Vcb|2f2 f...form factors

Incl. Vcb
B → Xc`ν

Heavy Quark Expansion

B = |Vcb|2 [Γ(b → c`ν) + 1/mb + αs + . . . ]

Hadronic matrix elements can not be computed from first principles
↪→ Can be parameterized and extracted from data
↪→ Theory must provide (at least) normalizations!
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Experimental status

A long‐standing anomaly

Inclusive |Vub|

B̄ → Xu`ν̄`

Inclusive |Vcb|

B̄ → Xc`ν̄`

Operator Product Expansion

B = |Vqb|2 [Γ(b → q`ν̄) + 1/mc,b + αs + · · · ]

Exclusive |Vub|

B̄ → π`ν̄`, Λb → pµν̄µ

Exclusive |Vcb|

B̄ → D`ν̄`, B̄ → D∗`ν̄`

B ∝ |Vcb|2f 2

⟨B|Hµ|P ⟩ = (p + p′)µf+
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Vqb measurements at Belle II

|Vcb| Exclusive

B → D`ν (inclusive tag)
arXiv:2506.15256, submitted to PRD

B → D∗`ν (inclusive tag)
Phys. Rev. D 108 (2023) 9, 9

|Vcb| Inclusive

B → Xc`ν (q2 moments, had. tagged)
Phys. Rev. D 107 (2023) 7, 072002
JHEP 10 (2022) 068

B → Xc`ν (Mx moments, had. tagged)
arXiv:2009.04493

|Vub| Exclusive

B0 → π−`+ν`, B+ → ρ0`+ν` (untagged)
Phys. Rev. D 111 (2025) 11, 112009

B → τν
arXiv:2502.04885

|Vub| Inclusive

B → Xu`ν partial branching fractions (had.
tagged)

Paper in preparation

↪→ Last talk by Marcel Hohmann on Vub
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Missing energy decays at Belle II
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The Belle II Experiment at SuperKEKB

SuperKEKB
Operating at Υ (4S) resonance (10.58 GeV)
World‐record luminosity: L = 5.1 × 1034 cm−2s−1

1.1 × 109 BB̄ pairs per ab−1

Belle II
Nearly 4π coverage, hermetic design
Excellent PID and γ reconstruction
500 fb−1 collected

Why Belle II?
Clean BB̄ factory with known initial state
⇒ Full event reconstruction possible
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Dealing with missing energy

Different approaches to reconstruct the event

1. Hadronic tagging:
reconstruct Btag by hadronic decay modes.

2. Inclusive tagging:
reconstruct Bsig. Assign everything else to
the Rest‐of‐Event (ROE)

Effi
ci
en
cy

Pu
rit
y

Inclusive Tag
O(100%) efficiency

Semileptonic Tag
O(1%) efficiency

Hadronic Tag
O(0.1%) efficiency

Reconstruct B meson momentum using tag‐side
psig = pe+e− − ptag
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Semileptonic analysis techniques at Belle II

2 0 2M2
miss

Candida
tes

1 missing neutrino>1 missing particle

1 0 1
cos BY

Candida
tes

1 missing neutrino> 1 missing particle

0 1 2Eextra
ECL

Candida
tes

Signal decay with neutrinosBackground withunreconstructed particles

M2
miss = (pe+e− − pBtag − pD(∗)`)

2

Squared 4‐momentum of the
undetected neutrino(s).

cos θBY = 2E∗
BE

∗
Y −m2

B −m2
Y

2|~p∗
B ||~p∗

Y |
Angle between B and Y = D(∗)`.
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Exclusive Vcb from B → D`ν`
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Ingredients to extract Vcb

dΓ(B→D`ν`)
dw

∝ (w − 1)3/2η2
EW(1 + δ+,0)G(w )|Vcb|2

wmin = 1 . . . D meson at rest in B rest frame

wmax = 1.59 . . . Zero lepton recoil q2 = 0
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Ingredients to extract Vcb

dΓ(B→D`ν`)
dw

∝ (w − 1)3/2 ηEW
2(1 + δ+,0)G(w )|Vcb|2

wmin = 1 . . . D meson at rest in B rest frame

wmax = 1.59 . . . Zero lepton recoil q2 = 0

ηEW . . . Short‐distance QED correction
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Ingredients to extract Vcb

dΓ(B→D`ν`)
dw

∝ (w − 1)3/2 ηEW
2(1 + δ+,0 )G(w )|Vcb|2

wmin = 1 . . . D meson at rest in B rest frame

wmax = 1.59 . . . Zero lepton recoil q2 = 0

ηEW . . . Short‐distance QED correction

δ+,0 . . . Long‐distance QED correction [PRD 41, 1736 (1990)]
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Ingredients to extract Vcb

dΓ(B→D`ν`)
dw

∝ (w − 1)3/2 ηEW
2(1 + δ+,0 ) G (w )|Vcb|2

wmin = 1 . . . D meson at rest in B rest frame

wmax = 1.59 . . . Zero lepton recoil q2 = 0

ηEW . . . Short‐distance QED correction

δ+,0 . . . Long‐distance QED correction [PRD 41, 1736 (1990)]

G (w) . . . Form factor, computed in LQCD at low w

10/21 September 16, 2025 Philipp Horak: |Vcb| measurements at Belle II



Setup and comparable results

Setup
B → D`ν final state (inclusive tag)
365 fb−1 Run 1 data

Modes
Charged: B− → D0`−ν`, D0 → K−π+

Neutral: B0 → D−`+ν`, D− → K+π−π−

Comparable excl. measurements
Mode Experiment Dataset Ref.

B → D∗`ν
Belle II incl. tag (2023) 189 fb−1 PRD 108, 092013
Belle angular coeff. (2023) 711 fb−1 PRD 108, 012002

B → D`ν

Belle had. tag (2015) 711 fb−1 PRD 93, 032006
BABAR angular, had. tag(2023) 426 fb−1 arXiv:2311.15071
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Reconstruct w in inclusive tag

How to reconstruct q2/w without Btag?

Angle θBY between B and Y = D` from
reconstructed particles
B meson angular distribution + ROE momentum

1
2(1 − p̂∗

B · p̂∗
ROE ) sin2 θ∗

B ,

Weighted average over different B meson
momenta on cones of θBY
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Main backgrounds

Pre‐fit in cos θBY
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Main backgrounds
� B → D∗`ν down‐feed
� Fake D: Combinatorial backgrounds
� TrueD: SL backgrounds and
B → Xc → ` secondaries

� Continuum: e+e− → qq where
q ∈ [u, d, s, c]

Suppress backgrounds with selections on ROE, lepton helicity angle, event shape variables,D∗`ν veto
Control samples to validate signal and backgrounds
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Signal extraction

Simultaneous fit in four modes

0.00.20.40.60.81.01.21.4

Events

×104w: 1.00-1.06 1.06-1.12 1.12-1.18 1.18-1.24 1.24-1.30 1.30-1.36 1.36-1.42 1.42-1.48Belle II preliminary Ldt= 365 fb 1B+ D0e+ ePostfit 2/ndf = 335.4/318 B DB D *True DFalse DContinuumUncertaintyData

0 20 40 60 80 (cos BY, w) bin-3-113N Data
N fit

D
at

a

2d binned fit in cos θBY and w
All systematic uncertainties as nuisance parameters
Bin‐by‐bin migration baked into fit (forward unfolding)

Source Uncertainty [%]

Statistical 0.9

Systematic 1.5

B0/+ lifetime 0.1
Signal form factor 0.1
B → D∗`ν form factor 0.1
B(B → Xc`ν) 0.3
B(D → Kπ(π)) 0.5
Tracking efficiency 0.5
NΥ (4S) 0.7
f00/f+− 0.1
f/B 0.4
Background w modelling 0.3
(E∗

Y ,mY ) reweighting 0.3
Lepton identification 0.3
Kaon identification 0.6
Vertex fit χ2 correction 0.3
Simulation sample size 0.5

Theoretical 1.3

Lattice QCD inputs 1.2
Long‐distance QED 0.5

Total 2.1
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Measured |Vcb| value

|Vcb,BCL| = (39.2 ± 0.4 (stat.) ± 0.6 (sys.) ± 0.5 (th.)) × 10−3

1.0 1.1 1.2 1.3 1.4 1.5 1.6w50
510152025303540

d/dw [
1015  G

eV]
Belle II Preliminary Ldt= 365 fb 1

EW|Vcb| × 103 = 39.4 ± 0.82/ndf = 9.7/9123BCL (N = 3)Data

Most precise measurement of |Vcb| with B → D`ν to date
36 38 40 42 44|Vcb| x 103

Exclusive HFLAV 2024
Inclusive global fit 2024 

2023 Belle B D *
2023 Belle II B0 D* +
Belle II D
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More than just |Vcb|

Bonus measurements:

Light‐lepton universality:
B(B → Deνe)/B(B → Dµνµ) = 1.020 ± 0.020 (stat.) ± 0.022 (sys.)

Coloumb correction:
δ0
C = 0.023 × (0.09 ± 0.94)

Signal Yield B [%]

B+ → D̄0e+νe 75 186 2.34 ± 0.05 ± 0.10
B+ → D̄0µ+νµ 61 259 2.27 ± 0.05 ± 0.09
B0 → D−e+νe 47 617 2.07 ± 0.06 ± 0.10
B0 → D−µ+νµ 39 648 2.05 ± 0.06 ± 0.11

B+ → D̄0`+ν` 2.31 ± 0.04 ± 0.09
B0 → D−`+ν` 2.06 ± 0.05 ± 0.10

B → D`ν 2.10 ± 0.04 ± 0.06

Most precise measurement B(B → D`ν)
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