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into the determination of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element |V,,;|. These
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and B — X, {v decays, accompanied by additional interpretations aimed at deriving the inclusive
Vb |/|Ven| ratio.
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1. Introduction

In the Standard Model of particle physics (SM), the CKM matrix [1, 2] describes the quark
mixing and accounts for CP—violation in the quark sector. One of the crucial tests of the SM
is the precise determination of the magnitude of the matrix elements. In b—flavor scope, the
corresponding world averages of |V,| from exclusive and inclusive determinations [3] are

Ve | = (3.51£0.12) x 1072, [V | = (4.19 £ 0.16) x 1072, [Vl | = (42.19 £0.78) x 1077,
(D

and their ratios are

|V§2°l'| /’V;}lfl‘| =0.84 +0.04,

' ' 2
|vinel-| f]vinel| = 0.099 + 0.004. )

The first ratio reflecting the disagreement between inclusive and exclusive |V,,;| is about 3.7 standard
deviations from the unity. The second ratio involves only the inclusive decays and combines the
b — uly and b — clv decays. Experimentally, many systematic uncertainties such as the tagging
calibration or the lepton identification uncertainties can be cancelled in such ratio measurements
and one can directly test the SM expectation.

2. Ratio of exclusive and inclusive |V, |

The first simultaneous determination of |V,,;| using inclusive and exclusive decays is performed
at the Belle experiment [4]. The hadronic decays of one of the B mesons are reconstructed via the
full reconstruction algorithm [5] based on neural networks. The event reconstruction strategies are
inherited from the recent Belle measurements [6, 7], where all tracks and clusters not used in the
construction of the B, candidate are used to reconstruct the signal side. The four-momentum of
hadronic system pyx is defined as a sum of the four-momenta of tracks and clusters which are not
involved in reconstructing the By, and signal lepton. With the fully reconstructed four-momentum
of By, and the known beam-momentum, the four-momentum of signal B can be defined.

To separate the signal B — X,,{v decay from the B — X {v events, a machine learning based
classification with boosted decision trees (BDTs) is utilized. Furthermore, we apply a selection on
the thrust 7 = maxq=1 (X; |pi - m|/2; [pil) to enhance the B — n{v purity. After all selections,
a two-dimensional fit is employed to disentangle exclusive B — n{v decays from other inclusive
B — X,{v events and backgrounds. This fitting approach takes into account the number of
charged pions N+ in the hadronic X, system and the four-momentum transfer g> between the
B and X,, system. We constrain the Bourrely-Caprini-Lellouch (BCL) expansion coefficients of
B — ntv form factors to the LQCD values of Ref. [8], combining LQCD calculations from
several groups [9, 10]. The additive and multiplicative systematic uncertainties are considered
in the likelihood fit by adding bin-wise nuisance parameters for each template. The parameters
are constrained to a multivariate Gaussian distribution with a covariance reflecting the sum of all
considered systematic effects, and the correlation structure between templates originating from
shared sources is taken into account. Various fit scenarios are applied to check the consistency
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of the nominal results. We fit with combined or separate normalizations of the B — 7~ ¢*v and
B — n%*v decays and also test with including only LQCD or LQD combined with external
experimental constraints on the BCL form factors [8]. Fig. 4 shows the (g2 : N,+) distribution of
the signal region after the fit and with only using LQCD information.

T T T T T T T T T T T T T T T T T T T T T T 2500
350 F Ne=0 Np==1 Np==2 Np==3 High My
— 300 | # MCunc. —
s y o 2000 s
mm B-nly
O 250 | o= oren N
— 3 Other B-X,tv 1500 —
v 200 | =3 Background N
s s
=150 | . 1000 >
< i <
£ 100 | 2
w : 500 U
50 |
e,

P e S

g2 €10, 5) GeV'

Figure 1: The g? : N+ spectrum after the 2D fit is shown for the scenario that only uses LQCD information.

The measured B — 7~ ¢*v and B — 7°¢*v yields are corrected for efficiency effects to
determine the corresponding branching fractions. The measured inclusive yield is calculated from
the sum of B — n~¢*v, B — 7n%¢*v, and other B — X,,£v events and unfolded to correspond to
a partial branching fraction AB with E f > 1.0GeV. Using calculations for the inclusive partial
rate and the fitted form factor parameters, we can determine values for |V,;|. The results of
|V’%°1' |/ |V;’g;1'| obtained in various fit scenarios are illustrated in Fig. 2.
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Figure 2: The |V,;| values obtained with the fits using (top) LQCD or (bottom) LQCD and experimental
constraints for the EO — ¢~ v, form factor are shown. The inclusive |V,;| value is based on the decay
rate from the GGOU calculation [11]. The values obtained from the previous Belle measurement [6] (grey

band) and the world averages from Ref. [3] (black marker) are also shown. The shown ellipses correspond
to 39.3% confidence levels (Ay? = 1).
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Our findings indicate ratios that align closely with this expectation but exhibit a deviation
of 1.5 standard deviations from the ratio of the current world averages of inclusive and exclusive
|Vup|. This tension decreases to 1.2 standard deviations when including the constraint based
on the full theoretical and experimental knowledge of the B — nfv form factor shape. With
this setup, we obtain the results on |V;Z°l'| = (3.78 £+ 0.23 £ 0.16 + 0.14) x 1073 and |V;‘;fl'| =
(3.88 + 0.20 + 0.31 + 0.09) x 1073, with the uncertainties being the statistical, systematic, and
theoretical errors. The ratio of |V;’l‘f1'| / |V,i4‘l‘f1"| = 0.97 £ 0.12 is compatible with unity. Moreover,
the averaged |V,,;| derived from our inclusive and exclusive values, using LQCD and additional
experimental information, is |V,| = (3.84 + 0.26) x 1073, This result is compatible with the
expectation from CKM unitarity of |VL?5<M = (3.64 £ 0.07) x 1073 [12] within 0.8 standard

deviations.

3. Ratio of partial branching fractions of B — X,{v and B — X.{v

The semileptonic inclusive decays B — X,,{v and B — X {v are analyzed with the Belle II
hadronic tagging algorithm [13]. The event with sizeable missing four-momentum and partially-
reconstructed D* candidates are rejected. In addition, the signal lepton with E f = |p?| > 1GeV in
the signal-B rest frame is used to identify the semileptonic decays.
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Figure 3: The E fSig and ¢ spectra for the B — X,,{v enhanced (top) and depleted (bottom) sub-samples.
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After the selections, the B — X,,{v enhanced sub-sample is categorized by observing an even
value of kaons in the hadronic system (Ng=+N K9 ). The remaining events are defined as B — X,,{v
depleted sub-sample, which is dominant by B — X.{v decays and used to modify the modeling
of B — X.{v in a data-driven way to minimize potential bias due to limited knowledge of this
component. Fig. 3 shows the distributions of the reconstructed lepton energy in the B meson rest
frame E f and the squared four-momentum transfer q2 inthe B — X,,{v enhanced and depleted sub-
samples, respectively. To derive the data-driven template of B — X {v, the simulated continuum
contribution is calibrated to the measured off-resonances dataset and the background events with
secondary or fake leptons are also calibrated in the control regions.

The B — X, (v yields are extracted in a two-dimensional fit on ¢> and Ef . The fit result is
shown in Fig. 4. The B — X {v yields are obtained by subtracting other contributions in the total
B — X{v sample. The measured yields are unfolded using the Singular Value Decomposition
(SVD) algorithm of Ref. [14].
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Figure 4: The g% : Ef“g spectrum after the B — X, v fit.

The study focused on the partial phase space region where E f > 1GeV, encompassing
fractions of €y = 86% and €5 = 79% of the B — X, {v and B — X {v decays, respectively. The
preliminary result for the partial branching faction ratio is AB(B — X, £v)/AB(B — X {v) =
1.95(1 £ 8.4%a = 7.8%¢yst) X 1072. This ratio provides insight into the inclusive |V,p|/|Vep|
ratio, with theoretical inputs of partial decay rates for both decays. Furthermore, by taking the
external normalization of AB(B — X.{v), we find the resulting |V,,;| value agrees very well with
the previous Belle inclusive measurement [6].

4. Summary

In summary, we report the two new measurements from the Belle experiment to examine the
long-standing discrepancy between the inclusive and exclusive determinations of |V,,;|. The ratios
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of [V |/ |Viup | ™! and |V, |"!/|Vepy |1 are measured for the first time. While these findings
offer valuable insights, the puzzle remains unsolved due to the current limitations in experimental
precision. The anticipated large data set of Belle II will be beneficial for exploring this topic further
through the presented innovative approaches.
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