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Abstract

We present a first measurement of the B’ — D*t4~ 7, branching fraction using fully re-
constructed B meson decays employing the Full Event Interpretation algorithm. Collision
events corresponding to an integrated luminosity of 34.6 fb! are analyzed, which were recorded
by the Belle II detector operated at the SuperKEKB accelerator complex. We measure
B(B" = D*" w)) = (4.51 £ 0.41 5, £ 0.27p £ 0'457rs) %, with the first and second error denot-
ing the statistical and systematic uncertainty, respectively, and the third dominant uncertainty is
from the slow pion reconstruction efficiency.



1. INTRODUCTION

Precision measurements of semileptonic B® — D*"¢"7, decays are crucial for future
measurements of the absolute value of the Cabibbo-Kobayashi-Maskawa matrix element V.
A very clean measurement approach for this final state is to fully reconstruct one of the two
B mesons produced in the e"e™ — 1(4S) — BB process, using hadronic modes. The flavor
and momentum of the signal B meson can thus be determined. In this conference note, we
present a first study of B® — D*T¢~ 7, decays with fully reconstructed B meson events using
the Full Event Interpretation (FEI) algorithm of Ref. [I]. The FEI reconstructs over 100 B
meson decay channels and over 10,000 decay cascades.

2. THE BELLE II DETECTOR AND DATA SAMPLE

The Belle 1T detector [2, 3] operates at the SuperKEKB asymmetric-energy electron-
positron collider [4], located at the KEK laboratory in Tsukuba, Japan. The detector
consists of several nested detector subsystems arranged around the beam pipe in a cylin-
drical geometry. The innermost subsystem is the vertex detector, which includes two layers
of silicon pixel detectors and four outer layers of silicon strip detectors. Currently, the
second pixel layer is installed in only a small part of the solid angle, while the remaining
vertex detector layers are fully installed. Most of the tracking volume consists of a helium
and ethane-based small-cell drift chamber (CDC). Outside the drift chamber, a Cherenkov-
light imaging and time-of-propagation detector provides charged-particle identification in
the barrel region. In the forward endcap, this function is provided by a proximity-focusing,
ring-imaging Cherenkov detector with an aerogel radiator. Further out is an electromag-
netic calorimeter, consisting of a barrel and two endcap sections made of CsI(T1) crystals. A
uniform 1.5 T magnetic field is provided by a superconducting solenoid situated outside the
calorimeter. Multiple layers of scintillators and resistive plate chambers, located between
the magnetic flux-return iron plates, constitute the K; and muon identification system.

The data used in this analysis were collected in 2019 and 2020 at a center-of-mass (CM)
energy of 10.58 GeV, corresponding to the mass of the 7°(4S) resonance. The energies of
the electron and positron beams are 7GeV and 4 GeV, respectively, resulting in a boost of
By = 0.28 of the CM frame relative to the laboratory frame. The number of B meson pairs
in the analyzed collision events has been counted using event-shape variables and has been
determined to be Npg = (37.7 4+ 0.6) x 10°.

Simulated Monte Carlo (MC) samples are used to develop the signal selection, determine
reconstruction efficiencies and understand potential background distributions. These sam-
ples are generated using EvtGen and consist of generic BB events where ete™ — 1(45) —
BBandete” — qq (¢ = u,d, s,c). The latter is simulated with KKMC [5] and PYTHIA [6].
The corresponding luminosity of the generic and continuum samples is 100 fh™'. A signal
MC sample, where B exclusively decays to X fv,, is also generated and used in this anal-
ysis. All recorded collisions and simulated events are analyzed in the basf2 [7] framework.
Data-driven corrections for the lepton identification are applied to the MC events, derived
from J/1¢ and other control samples.



3. FULL EVENT INTERPRETATION AND EVENT SELECTION

We first reconstruct collision events using the FEI algorithm. The algorithm reconstructs
one of the B mesons produced in the collision event using hadronic decay channels. We label
such B mesons in the following as By,,. Instead of attempting to reconstruct as many B
meson decay cascades as possible, the algorithm employs a hierarchical reconstruction ansatz
in six stages: in the first stage, tracks, displaced vertices and neutral clusters are identified
and required to pass some basic quality criteria. In the second stage, boosted decision trees
(BDTs) are trained to identify charged tracks and neutral energy depositions as detector
stable particles (e+,,u+,K+, K;,p,7",7). In the third and fourth stage, these candidate
particles are combined into composite parents (.J/ ¥, D°, DT, D,, A, A, YT, and for each
target final state, a BDT is trained to identify probable candidates. At the fifth stage,
candidates for excited mesons (D*°, D**, DZ) are formed and separate BDTs are trained
to identify viable combinations. The input variables of each stage aggregate the output
classifiers from all previous reconstruction stages. The final stage combines the information
from all previous stages to form B,,, candidates. The viability of such combinations is again
assessed by a BDT that is trained to distinguish correctly reconstructed candidates from
wrong combinations and whose output classifier score we denote as signal probability. We
apply a calibration factor for the hadronic tagging efficiency on MC derived using inclusive
B — X/{p,. A full description of this procedure can be found in Ref. [§].

Only events with at least three charged tracks and three neutral clusters are passed into
the FEI algorithm. The distance of closest approach between each track and the interaction
point must be less than 2 c¢m and 0.5 cm along and longitudinal to the beam axis, respec-
tively, with a minimum transverse momentum of 100 MeV/c. Clusters must have an energy
of at least 100 MeV and the associated polar angle is required to lie within the angular
acceptance of the CDC, 17° < 6 < 150°, with # denoting the polar angle in the laboratory
frame. In addition, to exclude low multiplicity events such as ee” — eTe™ from the FEI
reconstruction, the following selection is applied: 2 < Epop < 7GeV and E,;; > 4 GeV.
The former is the total energy deposited in the electromagnetic calorimeter and the latter
is determined using the energy of all the tracks and clusters in the event. Collision events
where eTe” — ¢q (¢ = u, d, s, ¢) are also suppressed by demanding R, < 0.3, where R, is
the ratio of the second and zeroth Fox-Wolfram moments [9], calculated using all the tracks
and photon candidates in the event.

The purity of the By,, candidate is improved by selecting only candidates with an output
signal probability greater than 0.001. The beam-constrained mass M, of a B,, candidate
is defined as

My = \/ B2y — |7, (1)

where FE,, is half the total collision energy, employed here to avoid resolution uncertainties
related to the measurement of the B energy, and p, B.., 18 the momentum of the B;,, candidate
in the CM frame. By,, candidates are required to have my,. greater than 5.27 GeV/ ¢ and
AE € [-0.15,0.1] GeV, where AE = EBtag — Eoyrs, with EBtag denoting the CM frame
energy of the By,, candidate.

All tracks and neutral clusters used in the B;,, reconstruction are masked in the event.
All remaining tracks and clusters are then used to define the signal side. The decay cascade
B’ — D*"ty, with D*" — D’z and D° — K 7" (and charge conjugate) is reconstructed
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to form a B, candidate. All tracks must fulfill the same quality criteria as described

sig
above and, except for the slow pion 7, daughter produced in the D*t decay, must have at
least one hit in the CDC. Oppositely charged tracks are combined to form D" candidates.
Each D° meson candidate is required to have an invariant mass conforming to my, €
[1.858,1.878] GeV/c? and a CM momentum of less than 3 GeV/c. The D° meson candidates
are then combined with a third track to form the D*' candidate. The mass difference,
defined as Am = mp+ — mp, must lie within [0.143,0.148] GeV/c®. In addition, charged
leptons must pass lepton particle identification (PID) criteria in the form of a likelihood,
which is determined using information from the different detector subsystems and ranges
from zero to unity. Each lepton candidate must have a PID likelihood ratio greater than
0.9 to be selected as either an electron or muon candidate. In addition, we require that
lepton candidates have a CM momentum greater than 1 GeV/c. The lepton candidate is
then combined with an oppositely charged D* candidate and constrained with a vertex fit,
requiring both daughters to originate from a common point. 7°(4S) candidates are formed by
combining the resulting D*¢ candidate with a B,,,. Events with additional tracks, after the
7(4S) reconstruction, are excluded. At this point, there are on average 1.4 1°(45) candidates
per event. We select the candidate with the highest FEI signal probability of the daughter
By, If an event still has more than one candidate per event (which occurs for about 1.8%
of all remaining events), we select the candidate with its D* candidate mass closest to the
world average D* mass. To reduce possible backgrounds from fully hadronic decays, we also
impose that the missing energy, F i = 2 X Foy — EBmg — Ep- — E,, exceeds 300 MeV.
Here E,+ and E, denote the energy of the reconstructed D" and lepton candidates, and is
calculated using the reconstructed momenta.

4. SIGNAL EXTRACTION AND BRANCHING FRACTION

The signal is extracted using a binned maximum likelihood fit of m?2,.., defined as

2
mr2niss = <pe+ e~ thag — Pp* — pﬁ) ) (2>

and evaluated in the CM frame with p + - and pp = (ECM,ﬁBtag) denoting the four-
momenta of the colliding electron-positron pair and the reconstructed By,, candidate. Fur-
ther, p, and p,+ denote the four-momenta of the reconstructed lepton and D* " candidate.
Correctly reconstructed B° — D*T¢~ 7, events should peak close to m2 ;.. ~ m?> ~ 0, whereas
contributions from most background processes will have on average larger values. The m2,..
distribution of the reconstructed candidate events is shown in Figure[l] For the fit we merge

the small background contributions from continuum processes and other B meson decays.

The fit finds N, = 133 + 12 signal and 11 4+ 5 background events and the fit result is
shown in Figure [2| The fitted yields can be converted into a branching fraction using

Ns X 6tiang;+se1
4% Nz x (1+ f10)"

BB’ - D"t p) = (3)

Here €550 = (0.40 £ 0.05) x 10~ denotes the selection and tagging efficiencies including
sub decay branching fractions. The quoted error includes uncertainties from the tagging
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FIG. 1. The reconstructed pre-fit mmlss distribution is shown and compared to the MC expectation.
The resolution of the peak is dominated by the resolutlon of the By,, reconstruction. Correctly
2

reconstructed By, candidates are expected to peak at mmISS ~m,, ~ 0.

calibration, the limited size of the MC sample, the lepton identification, the slow pion
reconstruction, tracking efficiency, and from the assumed charm branching fractions. Using
the preliminary B counting result of Nygz = (37.7 4 0.6) x 10° and f,o = 1.058 40.024 from
Ref. [10] we obtain

B(B® = D*"71;) = (4.51 £ 041, £ 027, £0.45, ) %. (4)

The largest uncertainty stems from the slow pion efficiency and a detailed breakdown is given
in Table [ The measured value is lower, but in good agreement with the world average of
Ref. [10] of B(B® — D*"0™7,) = (5.05 4 0.14) %.

5. FEgcr OF THE SELECTED B° — D*T¢ v, EVENTS

The full reconstruction of B;,, and B, allows one to analyze unassigned energy deposi-
tions in the calorimeter. Their energy can be summed, after some minimal energy cuts and
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FIG. 2. The post-fit mfniss distribution is shown.

Source Relative uncertainty (%)
Tracking of 7, 10%
MC modeling 5%
FEI Calibration 3%
Tracking of K, m, / 3%
Ngo 2%
J+o 1%
Charm branching fractions 1%
Lepton ID 1%
Total 12%

TABLE I. Summary of the relative systematic uncertainties for the branching fraction measure-
ment.
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FIG. 3. Two versions of Egcp, are shown: (left) is the version applying detector region dependent
energy selection criteria, (right) shows the impact of using a BDT to identify neutral energy
depositions from beam background processes. It is based on shower shape variables and the detector
region of the reconstructed neutral cluster.

are denoted as Fpcp,. For correctly reconstructed By, candidates, no unassigned neutral
energy clusters are expected in the rest of the event (ROE) after the 7°(4S) reconstruction
and thus ideally Egcp, ~ 0. Figure |3 left shows Fgcp,, where only neutral cluster with en-
ergy greater than 60, 30, and 90 MeV in the forward, barrel and end-cap regions of the
calorimeter, respectively, are considered. The resulting distribution for signal events has a
tail towards larger values due to unassigned K; and beam background photons.

To suppress contributions from beam background photons, a boosted decision tree (BDT)
(using the implementation of Ref. [11]) is trained using 6 variables related to the shape of
the electromagnetic shower in the ECL These include the ratio of the energy of the central
crystal in a cluster to the summed energy of the 9x9 surrounding crystals, the lateral energy
distribution of a given cluster, the second moment of the cluster’s energy distribution, the
polar and azimuthal angle of each cluster in the ECL, and the output of a multivariate
trained on eleven Zernike moments of the cluster shower [12]. The classifier is trained using
recorded events in a control sample, where ete™ — '~ with the requirement that the
two muons are back to back. The clusters in the control sample result mainly from beam
background photons and thus are ideal for training the classifier.

The classifier is then applied to the clusters of the Egcy, distribution from B° — D*1¢™ 7,
signal events to evaluate their likeness to beam background photons. A loose cut is applied
to exclude clusters that are most likely from beam backgrounds and the resulting Fgy, is
shown in Figure [3] Both Fgcy, distributions, before and after applying BDT selection, show
good agreement within the available event counts. Egcy, is a key experimental observable to
measure semileptonic or leptonic B meson decays involving 7 leptons and this displays the .
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6. RESULTS AND CONCLUSION

We present a first measurement of the B® — D*'¢~ 7, branching fraction using the Full
Event Interpretation algorithm and 34.6 fb™! of Belle II data. We determine

B(B” — D*"071)) = (4.51 £ 041, £ 027, £0.45, ) %, (5)

which is lower than, but in agreement with, the current world average. The largest systematic
uncertainty stems from the slow pion efficiency, which will be improved in the future with
more precise auxiliary measurements. For future studies of B — 7, and B — D T,
from Belle 11, we have also looked at Egcy,, defined as the sum of unassigned neutral energy
in the calorimeter. The results of these studies are an important stepping stone for future
measurements involving these challenging signatures.
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