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Introduction

Why are semileptonic B decays important?

Precision measurements of the SM:

I Semileptonic B decays used to
extract the CKM matrix elements
|Vub| and |Vcb|,

Potential probes of new physics

I Longstanding anomaly observed in
R(D∗) measurements.
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Introduction

The status of |Vub| and |Vcb| determinations.
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There exists a longstanding discrepancy between inclusive and exclusive
determinations of |Vub| and |Vcb|
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Event topology and tag-side reconstruction

Tag-side reconstruction at Belle II

Collide e+e− to make Υ(4S) particles.

B+

B−

π+

D0

K−

π+

l− ν̄l

e+e−
Υ(4S)

Reconstruct tag-side (Btag).

Study remaining B as signal (Bsig).

Flavour constraints: B+
tag =⇒ B−sig

Kinematic constraints:
pν = pe+e− − p`− − pB+

FEI: employs over 200 BDTs to
reconstruct 10000 B decay chains.

εB+ ∼ 0.5%, εB0 ∼ 0.3% at low purity.

Comput Softw Big Sci (2019) 3: 6.
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Exclusive Measurements of |Vub| and |Vcb|

Measuring |Vub| from B → πeνe

Υ(4S)

B0
tag/B

−
tag

B̄0/B−

π+/π0

e−

ν̄e

e+e−

επ0e+ν ∼ 0.2%, επ−e+ν ∼ 0.4%

Fit p2
ν = M2

miss in 3 bins of q2.

M2
miss = (pe+e− − pBtag − pe − pπ)2

q2 momentum transfer squared

q2 = m2
`ν = (pe+e− − pBtag − pπ)2

Measure:
dB
dq2

(B → π`ν) ∝ |Vub|2f 2
+(q2)

LQCD theory inputs from:

Fermi MILC, Phys.Rev.D 92 (2015) 1 014024, arXiv:1503.07839.
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Exclusive Measurements of |Vub| and |Vcb|

Measuring |Vcb| from B0 → D∗−`+ν` (` = e, µ)

dΓ

dw
∝ F2(w)|Vcb|2η2

EW

w =
(m2

B + m2
D(∗) − q2)

2mBmD(∗)

Under HQET a single form
factor F2(w)

F2(w) parametrised by F (1),
ρ2, R1(1) and R2(1)
CLN param. [Nucl. Phys. B530, 153 (1998)]

Υ(4S)

B0
tagεD∗+e−ν̄ ∼ 0.1%

B̄0

D0

K−
π+

D∗+

π+

`−

ν̄l

e+e−

measure ηEWF (1)|Vcb| and ρ2.

M2
miss = (pe+e− − pBtag − p` − pD∗)2

q2 = (pe+e− − pBtag − pD∗)2
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Exclusive Measurements of |Vub| and |Vcb|

Measuring |Vcb| from B0 → D∗−`+ν` (` = e, µ)

B(B0 → D∗+`ν) = 0.0527± 0.0022(stat)± 0.0038(sys)

ηEWF (1)|Vcb| = (34.6± 2.5)× 10−3 ρ2 = 0.94± 0.21

|Vcb| = (37.9± 2.7)× 10−3
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Exclusive Measurements of |Vub| and |Vcb|

First Belle II |Vub| and |Vcb| values

Λ0
b

B̄0
Vub/Vcb

b u/c

W− l−

ν̄l

π+/D+

p / Λ+
c

u

d̄ d

B
Vub/Vcb

b u/c

W− l−

ν̄l

Xu/Xc

3 4 5
|Vub| x 103

2004

2008

2012

2016

2020

Exclusive B → πlν Inclusive B → Xulν

Λb → plν

Exclusive
Average

tagged BII
B → πeν

36 38 40 42 44
|Vcb| x 103

2004

2008

2012

2016
2018
2020

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

tagged BII
B0 → D∗+`ν

These first Belle II tagged determinations of |Vub| and |Vcb| are statistically limited.

Expect soon higher precision untagged determinations as εuntagged ∼ 20-30%.
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Measurements of inclusive B → Xc lν decays.

|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 HQE parameters

O(1) mb, mc

O(1/m2
b) µ2

π, µ2
G

O(1/m3
b) ρ3

D , ρ
3
LS

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

=⇒ Measure moments to constrain expansion parameters.
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Measurements of inclusive B → Xc lν decays.

q2 moments from B → Xc`ν decays

Novel idea to use q2 = m2
`ν

moments due to less HQE
parameters. [arXiv:1812.07472]

At O(1/m4
b) 8 parameters

rather than 13.

New Belle II measurement〈
(q2)n

〉
of n = 1-4

Fit MX to determine
background normalisation.

nth moment computed with a weighted average:〈
(q2)n

〉
=

∑
i w(q2

i )(q2)ni,calib∑
j w(q2

j )
· Ccalib · Ctrue

(q2)ni,calib = ((q2)ni,reco − c)/m

Remaining bias corrections: Ccalib, Ctrue
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Measurements of inclusive B → Xc lν decays.

q2 moments from B → Xc`ν decays

Here compare n = 1, 2 q2 moments as a function of lower q2 threshold between
Belle II and Belle.

Paper soon!

arxiv2109.01685

Belle 711 fb−1

Expect global fits for inclusive |Vcb| using the moments in the near future.

William Sutcliffe on behalf of Belle II Semileptonic B decays at Belle II 14 March 2022, Moriond EW 11 / 12

https://arxiv.org/abs/2109.01685


Conclusion

Conclusion

Semileptonic B decays are important for precision determinations of |Vub| and
|Vcb|.
Here, the first Belle II exclusive tagged determinations of |Vub| and |Vcb| were
reported.

In addition, a novel Belle II measurement of the q2 moments of B → Xc`ν decays
was performed. These moments are important inputs for global fits for inclusive
|Vcb|.
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Backup

The Belle II Experiment
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Backup

Untagged determinations of B(B → D(∗)`ν)

Untagged determinations benefit from
higher efficiency

εD0`+ν ∼ 30%, εD∗−`+ν ∼ 22%

But purity is lower.The Belle Experiment

Belle recorded 711 fb�1 on the ⌥(4S) resonance.

Search for B ! `⌫� and B ! µ⌫µ and Test of Lepton Universality with R(K⇤
) at Belle - Markus Prim 22nd March 2019 2/23
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Starting from

0 = p2
ν = (p∗B − p∗Y )2

one can derive:

cos θBY =
2E∗BE

∗
Y −m2

B −m2
Y

2|~p∗B ||~p∗Y |

B(B− → D0`ν̄`) = (2.29± 0.05(stat)± 0.08(sys))× 10−2

B(B0 → D∗+`ν̄`) =

(4.60± 0.05(stat)± 0.17(sys)± 0.45(πs))× 10−2

[arxiv2110.02648, arxiv2008.07198]

More competitive untagged determinations of |Vcb| and |Vub| in the next year.
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Backup

Measuring |Vub| B → π`ν decays

b

Vub
B0

d,s π+/K+

u

d̄, s̄

l−

ν̄l

W−

Matrix element factorises
M = −i GF√

2
VubH

µLµ

Hµ(fi (q
2)) = 〈X |q̄γµ(1− γ5)b|B〉

q momentum transfer to the W

Form factors fi (q
2) computed with

Light Cone Sum Rules or LQCD

For light leptons
dB
dq2 (B → π`ν) ∝ |M|2 ∝ |Vub|2f 2

+(q2)

Simultaneously fit dB
dq2 measurements

and LQCD theory inputs to determine
|Vub| and the form factor.
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Backup
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Backup

CLN parameterisation for B → D∗`ν decays
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Backup

Branching fraction of B → Xc`ν decays

Independent analysis to measure B(B → Xc`ν) by fitting the p∗`
distribution.

B(B → Xc`ν) = (9.75± 0.03(stat)± 0.47(syst))%

arXiv:2111.09405
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Backup

q2 moments n=1,2,3,4
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Backup

Central q2 moments n=2,3,4
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Backup

Uncertainty break down for the first q2 moment

William Sutcliffe on behalf of Belle II Semileptonic B decays at Belle II 14 March 2022, Moriond EW 9 / 16



Backup

Uncertainty break down for the second q2 moment
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Backup

Branching fraction of B0 → D∗−`+ν with tagging

The branching fraction of B0 → D∗+`−ν̄ decays is determined with

The inputs to the equation are:

The corresponding systematics for the
branching fraction are:

B(B0 → D∗+`ν) = 0.0527± 0.0022(stat)± 0.0038(sys)
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Backup

B+ → π0e+ν m2
miss fits
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Backup

dB
dq2 for B → πe+ν
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Backup

Systematics fo dB
dq2 (B → πe+ν)
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Backup

Untagged B̄0→ π+l−ν̄l at the B factories

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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Backup

Tagged B̄0→ π+l−ν̄l at the B factories

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)
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