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The determination of the CKMmatrix elements |Vub| and |Vcb| from semileptonic B decays

is fundamental to improve the existing constraint on the unitary triangle. The experimen-

tal measurements, however, show some inconsistencies depending on the reconstruction

approach (inclusive or exclusive) of the hadronic �nal states. Further experimental inputs

are therefore needed to understand their origin. The Belle II experiment has just begun

to provide a variety of di�erent measurements which in the next years will be competi-

tive with the world averages. Similarly, the LHCb experiment can deliver complementary

results exploiting b-baryons and Bs mesons. In the following, some of the relevant results

obtained with the �rst dataset collected at the Belle II experiment and the Run-1 dataset

of the LHCb experiment are brie�y outlined.
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1. Introduction

Flavor physics, and in particular the phenomena involving b quarks, has raised increas-

ing interest in the last decade because of the observation of several deviations from Standard

Mode (SM) expectations. High precision measurements of b quark decays can provide an

indirect test to physics beyond the SM, probing energy scales not directly reachable with

the existing particle colliders.

Semileptonic B decays are tree-level processes in the SM, involving a charged-current

transition of a b quark to an up-type quark, together with a W → ℓν emission. These

processes are well-understood from a theoretical point of view, and the precision of the

calculation is mainly limited by the hadronic form factors uncertainties. Furthermore, the

amplitude of a semileptonic b → x process depends on the CKM matrix element Vxb, hence

the module of Vxb can be extracted from the measurement of the decay rate. A precise

determination of |Vub| and |Vcb| is nowadays particularly important to improve theoretical

constraints on the CKM unitary triangle, as well as the predictions of rare decays such as

K → πνν and B → τν, possibly sensitive to new physics models.

In general, two complementary approaches are considered for semileptonic decays, de-

pending on whether the hadronic �nal states are inclusively or exclusively reconstructed.

The exclusive measurement targets speci�c hadronic �nal states, while in the inclusive re-

construction all the possible �nal states containing an u or c quark are included altogether.

The inclusive measurement, though experimentally more challenging, does not need to rely

on the hadronic form factors estimation from theory, which is a major source of uncertain-

ties in the exclusive approach. The current world average |Vxb| measurements present a

discrepancy of about 3.3 σ between inclusive and exclusive determinations for both |Vub|
and |Vcb| [1]. As far as today, this tension is not explained, although it may originate from

a mis-modeling of the form factors. Such discrepancy limits the precision of |Vub| and |Vcb|,
and calls for inputs from both theory and experiment.

2. |Vxb| measurements at Belle II

The Belle II experiment, located at the SuperKEKB electron-positron collider in Japan,

has collected a total integrated luminosity of 364 fb−1 at the BB pair production thresh-

old (Υ(4S) resonance) in the 2019-2022 period. The Belle II detector [2] is a cylindrical

spectrometer with a tracking system, Cherenkov detectors dedicated to particle identi�ca-

tion, an electromagnetic calorimeter, and an outermost detector to identify muons and KL.

Thanks to the high hermeticity of the detector, the missing neutrino in e+e− → BB events,

where one B decays semileptonically, can be indirectly reconstructed.

A semileptonic B decay in a e+e− → BB event can be identi�ed either by recon-

structing the partner B in a fully hadronic decay and isolating the semileptonic B (tagged

approach), or by directly looking for a semileptonic �nal state, ignoring the other B meson

decay (un-tagged approach). The advantage of the tagged method is that the kinematic of

the event can be fully closed, allowing to estimate the �ight direction of the neutrino and

to reject backgrounds from mis-reconstructed B mesons, particularly helpful for inclusive
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measurements. However, the signal e�ciency is much lower with respect to the un-tagged

method, as it depends on the hadronic B tagging e�ciency, which is about 0.4% for the Full

Event Interpretation algorithm developed at the Belle II experiment [3]. Furthermore, the

calibration of the B tagging algorithm is an additional systematics for the tagged approach,

hence for exclusive measurements the un-tagged method is in general preferred.

2.1 |Vcb| measurement from B0 → D∗−ℓ+ν decay

An exclusive determination of |Vcb| was performed using 189 fb−1 of Belle II data and

exploiting the semileptonic decay B0 → D∗−ℓ+ν, where ℓ can be both an electron or a

muon (charge conjugates are hereafter implied). Both the un-tagged [4] and tagged [5]

approaches are carried on in two distinct analyses.

The D∗− resonance is reconstructed as D∗− → D0π−, whose �avor is identi�ed by the

charge of the lowest momentum pion. B0 → D∗−(→ D0π−)ℓ+ν kinematics can be fully

parameterized with three helicity angles θℓ, θV , χ and a recoil parameter w. Here θℓ is the

angle between the direction of the lepton and of the B0 meson in the W rest frame; θV is

the angle between the direction of the D0 and the B0 in the D∗− vector reference frame; χ

is the angle formed by the decay planes of the W and the D∗− in the B0 rest frame. The

recoil parameter w is de�ned as the product of the B0 and D∗− four-velocities. Exploiting

these parameters, the fully di�erential decay rate can be written as:

dΓ(B0 → D∗−ℓ+ν)

dw d cos θℓ d cos θV dχ
∝ |Vcb|2 |F(w, cos θℓ, cos θV , χ)|2 (1)

where F is the theoretical di�erential form factor for B0 → D∗−.

2.1.1 Un-tagged B0 → D∗−ℓ+ν

The main challenge for an un-tagged di�erential measurement of the branching ratio

is the reconstruction of the B0 �ight direction. The semileptonic decay can be treated as

a two-body B0 → Y ν decay, into a visible Y = D∗−ℓ+ system and an invisible neutrino.

The direction of the B0 momentum is then constrained on the surface of a cone around

the Y momentum direction and with opening angle θBY , determined by the measured Y

four-momentum and the known center of mass energy of the B0 meson. In order to estimate

the direction of the B0 on the cone, the information of the Υ(4S) → BB polarization is

combined with the information from all the tracks and calorimeter clusters in the event

not associated to the semileptonic B [6, 7]. For a signal event, neglecting beam-induced

background, such remaining objects are expected to come from solely from the partner B

meson, hence their total momentum is correlated to the B �ight direction. This method

leads to a signi�cant improvement in the resolution of all the θℓ, θV , χ, and w parameters,

with respect to the previous methods adopted by Belle and BaBar.

Once all the kinematic parameters are reconstructed, the signal yield is extracted in

each bin of w, cos θℓ, cos θV and χ through a two-dimensional �t on cos θBY , which for

signal events should stay between −1 and +1, and on the di�erence ∆M between the

reconstructed D∗− mass and the D0 mass, which can separate the peaking real D∗ events
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Figure 1: Distributions of the reconstructed cos θBY (left) and ∆M = M(D∗−)−M(D0) (right)

distributions exploited for �tting the signal yield in the un-tagged B0 → D∗−ℓ+ν analysis. Both

data and simulation are shown with their respective uncertainties.

from combinatorial backgrounds. The distributions of the �tting variables for data and

simulation are shown in Figure 1.

The value of |Vcb| is �nally derived via a simultaneous �t of the extracted signal in

bins of the four kinematic variables. The BGL model [8] is exploited for form factors

parameterization, including lattice QCD inputs in the zero-recoil region [10]. The �tted

|Vcb| value is:

|Vcb|BGL = (40.57± 0.31± 0.95± 0.58)× 10−3

where the uncertainties are, in order, statistical, systematics, and from the theoretical

model. A compatible result is obtained using the alternative CLN [9] form factor param-

eterization. The dominant source of systematic uncertainty is the calibration of the slow

pion e�ciency for reconstructing the D∗− → D0π−. The result is compatible with both

inclusive and exclusive HFLAV averages of |Vcb|.

2.1.2 Tagged B0 → D∗−ℓ+ν

In the tagged approach, the B0 �ight direction is estimated from the reconstructed

momentum of the hadronic tagged B meson, which in the center of mass frame is opposite

to the momentum of the semileptonic B0. The signal yield is extracted through a �t on the

missing mass squared distribution, de�ned as the square of the missing four-momentum in

the event: m2
miss = (Pbeam − PBtag − PD∗ − Pℓ)

2. For signal events such variable is peaked

at the neutrino mass, as shown in the left plot of Figure 2.

Since the signal e�ciency is much lower than for the un-tagged approach, in this case,

the decay rate is di�erentiated only in the recoil parameter w. The value of |Vcb| is then
�tted from the extracted signal decay rate in 10 bins of w (right plot of Figure 2) using the

CLN parameterization of the form factors:

|Vcb|CLN = (37.9± 2.7)× 10−3
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Figure 2: Distribution of the missing mass squared used for extracting the signal yield in the

hadronic tagged B0 → D∗−ℓ+ν analysis (left plot). B0 → D∗−ℓ+ν decay rate in bins of recoil

parameter w, �tted by the CLN form factor model in the tagged analysis (right plot).

where the uncertainty is dominated by the systematics, and the dominant sources derive

from the calibration of the B tagging algorithm and of the slow pion e�ciency.

2.2 |Vub| measurement from un-tagged B0 → π−ℓ+ν decay

The �rst determination of |Vub| at the Belle II experiment is performed in the exclusive

semileptonic decay B0 → π−ℓ+ν, with an un-tagged approach, using 189 fb−1 of data [11].

As for exclusive |Vcb|, |Vub| is also extracted from a �t to the di�erential decay rate, in

this case in bins of the momentum transfer squared q2 = (PB − Pπ)
2. The B0 momentum

direction is estimated again constraining the cone surface around the momentum of the

π−ℓ+ system and combining the information from the remaining objects in the event with

the angular distribution of a Υ(4S) decay.

The signal yield is then extracted in six bins of q2, with a simultaneous �t on two

extraction variables, capable of separating events where the B0 energy and momentum

are correctly estimated from mis-reconstructed events. The energy di�erence ∆E between

the reconstructed B0 meson in the center of mass frame and the beam energy, which is

expected to peak at zero for the signal (left plot of Figure 3). The beam-constrained

mass Mbc =
√
E∗2

beam − |p⃗B|2, i.e. the invariant mass of the reconstructed B assuming its

energy equal to the beam energy, peaks at 5.29 GeV/c2 for the signal candidates (right

plot of Figure 3). The |Vub| value is �nally �tted from the extracted q2 spectrum of the

B0 → π−ℓ+ν decay rate and using the form factors parameterization derived from lattice

QCD [12]:

|Vub| = (3.55± 0.12± 0.13± 0.17)× 10−3

where the uncertainties are, in order, statistical, systematic, and theoretical. The limiting

systematic source arises from the modeling of the continuum light quarks e+e− → qq

backgrounds, which are validated on a control sample of data collected 60 MeV below the

BB production threshold, whose size is limited to 18 fb−1. The central value is in agreement

with the HFLAV average of the previous exclusive |Vub| measurements.
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Figure 3: Distributions of the energy di�erence ∆E (left) and beam constrained mass Mbc (right)

used for the extraction of the signal yield in the B0 → π−ℓ+ν un-tagged analysis.

3. |Vxb| measurements at LHCb

The LHCb experiment, located at the LHC hadron collider, consists of a single-arm

forward spectrometer covering the pseudorapidity range 2 < η < 5 [13]. The excellent

vertex capabilities of the LHCb detector allow to reconstruct the �ight direction of b hadrons

produced in pp collisions, making possible to recover the kinematics in case of semi-leptonic

decays with a single missing neutrino. LHCb can therefore compete with B factories on

the exclusive determination of |Vub| and |Vcb| elements.

3.0.1 Determination of |Vub|/|Vcb| from B0
s → K−µ+ν

Exploiting the Run-1 dataset, corresponding to 2 fb−1 collected at
√
s = 8 TeV, LHCb

has determined the ratio |Vub|/|Vcb| from semi-leptonic decays B0
s → K−µ+ν and B0

s →
D−

s µ
+ν [14]. Thanks to the presence of a heavier spectator quark, the Bs mesons are

considered theoretically cleaner with respect to B+ and B0.

The Bs mass is represented by the corrected mass mcorr =
√

m2
Xµ + p2⊥ + p⊥, where

Xµ is the system of visible �nal states (X = K− or X = D−
s ), and p⊥ is the momentum

orthogonal to the Bs �ight direction, reconstructed from the primary and secondary vertices.

The B0
s → K−µ+ν signal yield NK is extracted from a �t on the mcorr distribution into

two di�erent q2 regions, below and above 7 GeV2/c4, shown in the left and right plots of

Figure 4, respectively. On the other hand, the normalization channel B0
s → D−

s µ
+ν is

reconstructed by targeting a D−
s → K+K−π− candidate. The yield NDs of B

0
s → D−

s µ
+ν

events is determined through a simultaneous �t of the D−
s invariant mass distribution and

of the mcorr distribution.

The e�ciencies ϵK for B0
s → K−µ+ν and ϵDs for B0

s → D−
s µ

+ν are both extracted

from simulation, applying data-driven corrections to account for possible mismodeling. The

ratio of branching fractions is then determined as:
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Figure 4: Distribution of the corrected mass mcorr of reconstructed B0
s → K−µ+ν decays for

q2 < 7 GeV2/c4 (left plot) and q2 > 7 GeV2/c4 (right plot).

RBF ≡ B(B0
s → K−µ+ν)

B(B0
s → D−

s µ+ν)
=

NK

NDs

ϵDs

ϵK
× B(D−

s → K+K−π−)

where the branching ratio of D−
s → K+K−π− decay is taken as an external measurement

[15]. The ratio of CKM matrix elements is extracted from the relation RBF = |Vub|2/|Vcb|2×
FFK/FFDs , where the form factor prediction from LQCD is used in the high q2 region,

while the LCSR calculation is adopted for the low q2 interval, resulting in |Vub|/|Vcb| =
0.061 ± 0.004 and |Vub|/|Vcb| = 0.095 ± 0.008, respectively for the low and the high q2

regions. The uncertainties are dominated by the form factors knowledge, which are driving

the discrepancy between the two q2 regions.

4. Conclusion

The long-standing puzzle of the discrepancy between inclusive and exclusive measure-

ments is still present and new inputs from both theory and experiments are needed to

understand its origin. With the upcoming increase in the size of the data sample, Belle II

is expected to play a major role in the determination of |Vxb| elements from semileptonic B

decays, being able to access both exclusive and inclusive channels. The un-tagged method

has higher statistical power, though a lower purity, compared to the tagged one, which

is limited by statistics and has an additional systematic uncertainty from the calibration

of the B tagging algorithm. A better understanding of the detector will allow to reduce

all the main systematic sources on the future measurements, reaching a 1% precision in

the overall |Vcb| determination and at least 3% in both inclusive and exclusive |Vub| [16].
In the meantime, LHCb is expected to provide complementary measurements with the in-

creased statistics from Run-2 and Run-3 datasets, focusing in particular on the exclusive

|Vxb| determination, and exploiting the production of Bs mesons and b baryons.
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