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1. Introduction

The B-Factory experiments BaBar[1] and Belle[2] have performed a large number of measure-
ments of unprecedented precision in the sector of Heavy Flavour Physics providing a stringent test
of the Standard Model (SM) of weak interactions[3]. Despite the success of the SM in describing
the observed phenomenology, some measurements showed signs of remarkable tension, at the level
of several standard deviations, with respect to theoretically predictions. The most significant ex-
ample is the measurement of the ratio R(D(*>) between the semileptonic B decays B — D) tv and
B — D[y, where [ are the lighter leptons, pointing to a violation of the lepton flavour universality
implied by the SM. Measurements from BaBar, Belle and LHCb show a combined 4 ¢ excess of
signal with respect to the SM prediction. Another intriguing tension has also been observed in
the determination of |V,;| between exclusive charmless semileptonic decays and inclusive ones. In
order to improve the sensitivity to Physics more fundamental than the SM, KEKB collider has been
upgraded to reach an instantaneous luminosity 40 times higher, in order to collect an experimental
data sample 50 times larger than the one accumulated by the Belle Experiment. The Belle detector
has been upgraded to Belle II[4] as well, to cope with the higher rate of events and the higher
backgrounds produced by the accelerator.

2. Experimental techniques

The reconstruction of semileptonic decays in electron and muon modes is experimentally com-
plicated by the presence of a neutrino in the final state that escapes direct detection. The exper-
imental signature is an unbalance of the total momentum and reconstructed energy, that can be
mimicked by physics backgrounds with undetected particles going out of acceptance or neutral
hadrons, since they are not vetoed with 100% efficiency. In the case of a T lepton, the situation is
even worse because one or two additional neutrinos are produced in its subsequent decay.

Nevertheless, the unique experimental conditions at the e™ e~ B factories, where exactly one
pair of B mesons is produced, and the fact the detector encloses the interaction region almost
hermetically, permits to estimate the four-momentum of the undetected neutrinos from the mesure-
ments of the momentum and energy of all the other particles reconstructed in the event. This
procedure is commonly denoted as an untagged mesurement. In addition to the signal B decaying
semileptonically (By;e), also the other B in the event can be explicitly reconstructed in a variety of
exclusive modes (B;,,), so that the entire event is reconstructed. At the cost of a reduced reconstruc-
tion efficiency, strong constraints can be put imposing balance of the reconstructed four-momentum
and on the energy deposited in the electromagnetic calorimeter.

The related most discriminating observables that have been commonly used are the missing
mass M,,;ss and the residual energy deposited in the calorimeter E,;,,. The missing mass squared is
defined as M2, = (Pete- — PByy, — PBug) > Where p,+o- is the known 4-momentum of the colliding
beams, and the pp, and pgp,, are the measured 4-momenta of the reconstructed signal and tag
B meson, respectively. In the case of the charged lepton being an electron or a muon, only one
neutrino is missing and M2, . peaks at zero. In the case of semi-tauonic decays, more neutrinos
escape detection and the signal populates the high mass tail of the M?>

s EXtra energy in the

calorimeter, Egy 4, is defined as the sum of the energy deposits in the calorimeter that have not
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5ab! 50 ab™!
Rp  (£6.0+£3.9)% (£2.04+2.5)%
Rp-  (£3.0£25% (£1.0+2.0)%
P;(D*) £0.184£0.08  40.0640.04

Table 1: Expected precision for R),.) and P;(D*) at Belle II, given as the relative uncertainty for R, and
absolute for P;(D*). The values given are the statistical and systematic errors respectively.

been associated with the reconstructed decay products of the By, or the By;,. For signal events,
where the full event is exclusively reconstructed, E,,;,, is expected to be zero or very small because
of contributions from beam background hits and split-offs from imperfect reconstruction of either
the tag or the signal side. On the contrary, most of the background events are distributed toward
higher E,, due to the contribution from additional clusters, produced by unassigned tracks and
neutrals from the mis-reconstructed tag and/or signal B mesons. Past measurements from BaBar
and Belle have been performed using three different experimental techniques, differing in the way
the tag B is reconstructed. In untagged analyses, the missing energy and momentum of the whole
event are used to determine the 4-momentum of the missing neutrino from the signal semileptonic
decay. Measurements where the tag B meson is reconstructed in a large variety of decays modes are
commonly denoted as tagged measurements. Semileptonic tagging involves partial reconstruction
of a By — D™ ¢v, decay as the tagging mode. In this case, two neutrinos are present in the
event and the 4-momentum of the By;, cannot be fully constrained. In full reconstruction tagging,
a hadronically decaying B;,, meson is reconstructed. In Belle II, the reconstruction of the tag B
has been further improved for an higher reconstruction efficiency with same level of purity using
machine learning techniques[5].

3. Semitauonic decays

The decay B — D) tv is described in the SM with b — ¢TV tree-level transitions mediated by
a virtual W boson, exactly like in the electron and muon case. Therefore, the ratios of the tauonic
branching fraction with respect to the lighter leptons

Br(B — D¥1v,)
Br(B — D) lvy)’

Ry = 3.1
are observables independent from |V, | and sensitive to new physics (NP) contributions that violate
the Lepton Flavour Universality implied by the SM, since theoretical uncertainties in form factors
largely cancel out. These ratios have been measured by BaBar [6][7], Belle [8][9] and LHCb [10].
The combination of the measurements is in excess with respect to the SM expectation at the level
of 40.

Among the various Belle and BaBar analyses the ones in which the 7 is identified by its
leptonic decay modes provide the smallest uncertainties because they have better background re-
jection power. The most dangerous background originate from B — D**{v;, where D** mesons are
excited charmed mesons higher than the D*(2010) that can be mis-reconstructed as signal once the
pions (mainly 7°°s) from D** decay are missed. The correct estimation of the B — D**/v, back-
ground yield and minimisation of its systematic uncertainty is a critical aspect. Therefore, it is of
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paramount importance at Belle II to perform the support measurements of B — D**£v; branching
ratios to control the systematic effect of those background processes.

In addition to branching fractions ratios R(D*)), the polarisations of the 7 lepton and the D*
meson and the ¢ distribution are also sensitive to NP contributions and help to discriminate among
NP models.

The polarizations are defined by

) R
P(D¥) = — 2
T( ) l—~++1—~_7 (3 )
I'
Py = — 3.3
P IL+I7 (3-3)

where ') and [ (1) are the decay rate with the 7 helicity +1/2 (—1/2) and that with the longi-
tudinally (transversely) polarised D*, respectively. Belle II should also be able to perform precise
differential measurements in ¢, and is expected to have some sensitivity to measure the decay
angles (0y, By, ) as it was already performed for B — D®) oy decays at Belle and BaBar.

The hadronic 7 decay modes T~ — h~ v, with A~ =, p~ have been used in a recent
Belle analysis of B — D*tv; [11] to add a statistically independent measurement of R(D*) and
to measure the polarization P;(D*), exploiting the kinematics of two-body 7 decays. The signal
is fitted following the same approach of the hadronic-tag analysis with T~ — ¢~ V, Vv, using M,%m
and E,y, to extract the B — D*/v, and the B — D*1v; yields. However, in this case, the most
important background originates from hadronic decays B — D*7" X, where X consists of one or
more unreconstructed 7°, 17, ¥ or pairs of charged particles. Since uncertainties in branching
fractions of the exclusive hadronic B decay modes introduce sizeable systematic uncertainty, an
extensive set of measurements at Belle II of those modes is highly desirable.

Table 1 shows projections of the precision on Ry, and P;(D*) for 5 ab~! and the full data set
of 50 ab™!, based on the current results from Belle and the expected statistical and experimental
improvements at Belle II. As shown in Figure 1, where the expected precisions at Belle II are com-
pared to the current results and SM expectations, the experimental uncertainty will be at the same
level of the present theoretical one. Precise measurements of polarisation P;(D*), and decay differ-
entials of kinematical observables at Belle II will allow to test NP scenarios. Figure 2 demonstrates
the statistical precision of the > measurement with 50 ab~! data based on a toy-MC study with the
hadron tag analysis.

4. Determination of |V,,|

The aim for Belle II is to reach one percent-level determinations of |V,;,| measuring the branch-
ing ratios of several exclusive charmless modes B — h{v, where h is a light hadron, and the inclu-
sive rate to charmless semileptonic final state B — X, /v, where X, is an hadronic system originated
from the u quark hadronization.

Among the exclusive modes, the most precise determinations of |V,,;| have been obtained from
the (untagged) analysis of the B — m{v, by BaBar [12] and Belle [13]. The expected increase of
almost two order of magnitude of more data from Belle II will allow precise tests of the lattice-
QCD predictions for the ¢> dependence. If the efficiency corrected experimental g shape will be in



Prospects for Semileptonic B decays at Belle I1 Guglielmo De Nardo

=

05—

O L L B o N B
Belle Il Projection

Belle Combination

SM prediction: PRDB5 094025 (2012), PRD87 034028 (2013)
Scalar

Vector ¢ PRDS7 034028 (2013)

Tensop,

R(D*)
P.(D*)

Belle Il Projection
= Belle Combination
— Babar
LHCb
—— World Combination
- SM prediction: PRD92 054410 (2015), PRD85 094025 (2012)

<

e

0.45
0.5

0.4

0.3

0.25

10 contours

o
w
o
TTT T[T T [ T[T T [T T [T [rrrT

Ol vl vl b b Ty
o

=

[N

o

N s
a

o

w

=}

w

a

o

~

020 b bl L L b L
: 025 03 035 04 045 05 055

R(D) R(D*)

Figure 1: Expected Belle II constraints on the Rp+ vs Rp plane (left) and the P;(D*) vs Rp- plane (right)
compared to existing experimental constraints from Belle. The SM predictions are indicated by the black
points with theoretical error bars. In the right panel, the NP scenarios “Scalar”, “Vector” and “Tensor”
assume contributions from the operators O, , Oy, and Or, respectively.
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Figure 2: On the left is the B — DtV ¢ distribution in the hadronic tag analysis and T~ — ¢~ V,v; with
the full Belle data sample [8]. On the right is the projection to the 50 ab~! of the Belle II data. In both
panels, the solid histograms show the predicted distribution shape with the 2HDM of type I at tan § /my+ =
0.5 (GeV/c?)~!. In the right panel, pseudo-data are shown based on the SM hypothesis.

agreement with lattice QCD predictions, experimental data will be fitted to extract |V,;|. Figure 3
shows the projections to Belle II of V,;;, uncertainty to various integrated luminosity values. Figure 4
shows the expected ¢ distribution with 5ab~! of Belle II data.

Measurements of decay rates of exclusive B — hfv, decays, where h denotes a light meson
containing a u quark, such as 7w, p, @, n(/), etc., and £ an electron or muon, have been performed
in the past using both the tagged and untagged approaches obtaing results of similar precision.
The huge increase in statistics of Belle II will allow more detailed studies, including the ¢> spec-
trum, helicity angle analysis. Together with improvement of the Lattice-QCD calculations it will
contribute to better understanding of the composition of the b — u spectrum and, consequently,
reducing model dependence in the |V,;,| measurement with inclusive analysis.

The theoretical prediction of the total inclusive semileptonic decay rate to charmless final states
is obtained by an operator product expansion. The experimental determination is challenging due
to the overwhelming background from charmed semileptonic final states B — X.¢v. Suppression of
this background requires selecting regions of phase space where the signal is enhanced with respect
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Figure 3: Projections of V,;, uncertainty to various luminosity values and lattice-QCD error hypothesis for
B — mlv tagged and untagged modes.
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Figure 4: Model independent fits to ¢> distribution of B — m/v tagged and untagged with Sab~! data
samples, and lattice-QCD error forecasts in 5 years.

to the background, making the extrapolation to the full phase space sensitive to non-perturbative
contributions. The most precise measurement from BaBar [14] and Belle [15] uses hadronic tag-
ging and the most inclusive selection requirements. Model dependence is also expected to come
from the modelling of the exclusive states composition in B — X,,£Vv in the efficiency estimation
using Monte Carlo simulation. The increase of statistics of Belle II will allow to improve the sta-
tistical uncertainty of the measurement and to reduce the systematic uncertainties with supporting
measurements able to to constrain the effects described above.

A summary comparing present uncertainties on |V,;| measurements with projections at Belle
II is shown in Table 2 for exclusive (both tagged and untagged) and inclusive analyses.

5. Conclusions

Prospects are good for improvements to |V,;|, with both inclusive and exclusive approaches,
thanks to more data and better reconstruction performance at Belle II. An high priority goal of Belle
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Statistical Systematic Total Exp  Theory Total
(reducible, irreducible)

[Vun| exclusive (had. tagged)

711 fbo ! 3.0 (2.3, 1.0) 3.8 7.0 8.0
5ab~! 1.1 (0.9, 1.0) 1.8 1.7 3.2
50 ab™! 0.4 0.3, 1.0) 1.2 0.9 1.7
|V.p| exclusive (untagged)

605 fb~! 14 (2.1,0.8) 2.7 7.0 7.5
5ab! 1.0 0.8,0.8) 1.2 1.7 2.1
50 ab~! 0.3 (0.3, 0.8) 0.9 0.9 1.3
|V.p| inclusive

605 fb~! (old B tag) 4.5 (3.7, 1.6) 6.0 25-45 65-15
5ab~! 1.1 (1.3, 1.6) 2.3 2.5-45 34-5.1
50 ab~! 0.4 (0.4, 1.6) 1.7 25-45 3.0-438

Table 2: Expected errors in |V,;,| measurements with the Belle full data sample, 5 ab~! and 50 ab~! Belle II
data. We use the lattice-QCD projected precision for the future data sets.

II will be to resolve the persistent tension between the exclusive and the inclusive determinations.

Current measured anomalies in semi-tauonic modes can be confirmed after only 5 ab™! of data.

Critical to this goal is a precise determination from data of the B — D**{v background contribution.

Differential spectra will be measured with great precision, allowing to distinguish between different
NP models.
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