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Abstract

We measure the branching fractions for the decays B — D**e™ 7, and BY — D*Tp ™7, using
8.70-£0.09 fb~! of data collected by the Belle II experiment at the SuperKEKB asymmetric-energy
ete™ collider. Candidate signal decays are reconstructed with the subsequent decays D*t — DOzt
and D° — K~7*. We obtain the results B(B? — D*te™v,) = (4.4240.14(stat) +0.33(syst)) % and
B(B® — D*"u~v,) = (4.704+0.13(stat) £0.35(syst)) %, in agreement with the world averages. The
measurements serve to validate the full chain of detector operation and calibration, data collection
and processing, and production of physics results in the case of semileptonic B-meson decays.



1. INTRODUCTION

The decays B — D**/~7; (where £ = e or ) are important for measuring the mag-
nitude of the Cabibbo-Kobayashi-Maskawa matrix element |V,,| and for understanding the
hadronic dynamics of B decays. They also constitute a source of background for charm-
less semileptonic decays and for the study of B — D®™*7r=7_. All this motivates precise

measurements of their branching fractions and kinematic distributions.

The most precise measurements of B(B? — D**/~7;) were obtained by the BABAR [1] and
Belle [2] collaborations with data sets recorded a decade ago. Since March 2019, the Belle 1T
experiment has been collecting ete™ collision data with the full detector. The integrated
luminosity is still much smaller than those of the aforementioned experiments. However, this
measurement of B(B? — D**{~7;) serves to validate the full analysis chain, from detector
operation and calibration, through data collection and processing, to production of physics
results, including systematic uncertainties.

2. THE BELLE IT DETECTOR AND DATA SAMPLE

The Belle IT detector [3, 4] operates at the SuperKEKB asymmetric-energy electron-
positron collider [5], located at the KEK laboratory in Tsukuba, Japan. The detector
consists of several nested detector subsystems arranged around the beam pipe in a cylindrical
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.

Outside the drift chamber, a Cherenkov-light imaging and time-of-propagation detec-
tor 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 electromagnetic calorimeter, consisting of a barrel and
two endcap sections made of CsI(Tl) crystals. A uniform 1.5 T magnetic field is provided
by a superconducting solenoid situated outside the calorimeter. Multiple layers of scintil-
lators 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 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 Sy = 0.28
of the CM frame relative to the lab frame. The integrated luminosity of the data is
8.70 +0.09 fb™!.

Simulated Monte Carlo (MC) samples of signal events containing 10° events for each of
B® — D*fe7 v, and B® — D**u~v,, with the subsequent decays D** — D%(— K—nt)rt,
are used to obtain the reconstruction efficiencies and signal kinematic distributions. These
events were generated with EvtGen [6]. Samples of background events are used to obtain
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kinematic distributions of the background. These include a sample of ete™ — BB with
generic B-meson decays, generated with EvtGen, and corresponding to an integrated lumi-
nosity of 100 fb~*. A 100 fb~* sample of continuum ete™ — ¢g (¢ = u,d, s, ¢) is simulated
with KKMC [7] interfaced with PYTHIA [8]. All data were analyzed (and, for MC events,
generated and simulated) in the basf2 [9] framework.

3. EVENT SELECTION

We reconstruct candidate B® — D**¢~7; decays, with the subsequent decays D** —
Dzr, D' — K-7. Here, m, indicates the soft pion originating from the D** decay.
Reconstruction of the charge-conjugate decays is implied.

Signal candidate reconstruction begins with the selection of four charged-particle tracks.
The distance of closest approach between each track and the interaction point is required
to be less than 2 cm along the z direction (parallel to the beams) and less than 0.5 cm
in the transverse r — ¢ plane. All tracks except the 7 candidate must have at least one
hit in the drift chamber. The lepton candidate must have a CM frame momentum in the
range p; € [1.2,2.4] GeV/e. It must also satisfy lepton-identification (lepton-ID) criteria
based on information from all available detectors. Given the high purity of the decay chain,
application of kaon or pion identification criteria is deemed unnecessary and is thus not
performed.

A vertex fit is applied to the DY candidate, constraining its K 7t daughter tracks to
originate from a common point. The invariant mass of the D° candidate is required to
satisfy mp, € [1.85,1.88] GeV/c? after the fit. The D*t — D%rf candidate decay is also
subjected to a vertex fit, after which the mass difference between the D* and D° candidates
is required to satisfy Am € [0.144,0.148] GeV/c?.

Continuum background is suppressed by requiring the momentum of the D* candidate
in the CM frame to be less than 2.5 GeV/c. Further continuum suppression is achieved by
requiring Ry < 0.3, where Rj is the ratio of the second and zeroth Fox-Wolfram moments [10],
calculated using all the tracks and photon candidates in the event.

After applying all the selection criteria above, multiple B® — D*t¢~7, candidates are
found in about 1% of the events. In these events, we perform a vertex fit for the decay B® —
D*T¢~7; and select the candidate with the smallest value of the vertex-fit x2. The signal
efficiency after all selection criteria is (19.8 + 1.8)% for B® — D**e 7, and (21.4 £ 2.2)%
for B® — D**p~v,. These values are obtained from signal MC with lepton-ID efficiency
corrections obtained from data-MC comparisons of reconstructed J/¢) — ¢T¢~ decays. The
quoted uncertainties are dominated by the uncertainties on this correction, and also include
the much smaller MC-statistical uncertainty.
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4. SIGNAL YIELD EXTRACTION

For each candidate, we calculate the quantity
2ELEY — M% —mi (1)
2|pglpy | ’

where ES, |p}|, and my are the CM energy, momentum, and invariant mass of the D*/
system, Mp is the nominal B mass [I1], and E}, |pj| are the CM energy and momentum
of the B; the CM is inferred from the beam four-momenta. For correctly reconstructed
B" — D**{~ 1, candidates with perfect detector resolution and correct values of E} and pj,
cos Oy is the cosine of the angle between the momentum of the B meson and that of the
D*¢ system in the CM frame. Given the finite beam-energy spread, final-state radiation,

and detector resolution, the cos fgy distribution of signal events extends beyond the range
[—1,1]. The cos gy distributions of data and MC events are shown in Fig.

cosbgy =

We obtain the event yields N,, N, and N, for signal, BB background, and continuum,
respectively, from a binned, extended-maximum-likelihood fit to the cosfgy distribution
of the data. The probability density function (PDF) used in the fit is the sum of the
PDFs of these three event categories. These PDF's are obtained from the MC samples, after
application of momentum- and polar-angle-dependent corrections to the lepton-identification
efficiencies of leptons and hadrons. For leptons, corrections of the order of a few percent
are obtained from J/v — ¢T¢~ (¢ = e, u) decays. Corrections for hadrons misidentified as
leptons, obtained from samples of reconstructed D° — K -7+ decays, are of order unity in
some regions. Applying these corrections to the PDFs changes the signal yield from the fit
by 0.5% for B® — D*fe~ 7, and by 0.1% for B® — D**u1,.

The fit results are shown in Fig. [[] and summarized in Table [I|

Event type B — D**e"v, Yield| B — D*t, v, Yield
N (Signal) 2199 4 69 2525 + 68

Npo (BB) 1377 4123 1306 + 129

N, (Continuum) 369 £ 106 597 + 116

TABLE I. Signal, BB, and continuum event yields obtained from the fits shown in Fig. The
uncertainty is statistical.

The branching fraction is obtained from the signal yield via

= 2
€ X Ngo x B(D*t — DOnt) x B(D°* - K—7t)’
where € is the product of the signal reconstruction efficiency and acceptance, and Npo is the
number of B® mesons in the data sample, further discussed in section [5]

B(EO — D*+€_51) =

5. SYSTEMATIC UNCERTAINTIES AND CROSS CHECKS

The relative systematic uncertainties affecting the measurement are listed in Table [L1}
We assume no correlation among the individual sources of uncertainty and sum them in
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FIG. 1. Post-fit cos@py distributions for the selected B® — D**e v, (left) and B — D** v,
(right) candidates (data points), overlaid with the signal, BB background, and continuum PDFs
used in the fit as obtained from simulated MC events (histograms). The pull distributions show
the difference between the data and total PDF divided by the square root of the number of data
events in each bin.

quadrature to obtain the total systematic uncertainty. The methods used for obtaining
these uncertainties are described below.

The lepton-identification corrections are measured with statistical uncertainties that arise
from the limited size of the control samples, as well as systematic uncertainties. We produce
500 sets of correction values sampled from Gaussian distributions that reflect these uncer-
tainties, accounting for systematic correlations. Each set of corrections is used to produce
new MC PDFs that are used to refit the data cosfpgy distribution. The standard devia-
tion of the distribution of the signal yield obtained with the 500 sets is 2 events for both
B® — D**e7p, and B® — D**pu~v,. This value is thus used as the associated systematic
uncertainty on the signal yield. The same procedure is used to calculate the correction on
the absolute lepton-identification efficiency affecting the overall signal efficiency.

The impact of the finite sizes of the MC samples on the fit result is evaluated by varying
the MC PDFs bin-by-bin according to Poisson distributions, and repeating the fit 500 times.
We take the standard deviation of the resulting signal-yield distribution to estimate the
systematic uncertainty.

The semileptonic decays B — D**(, where D** indicates an excited charm meson heavier
than the D*, have a similar particle content to that of signal decays. As a result, the fit may
be biased if the branching fractions of B — D**{D are incorrect in the generic MC sample.
To estimate the systematic uncertainty, we obtain the BB PDF from the MC after varying
the branching fractions for these decays by +25%, which is twice the relative uncertainty
on B(B — D%t (~1). The resulting change in the signal yield is taken as the systematic
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Source Relative uncertainty (%)
BY — D**e v, |B® — D** v,
Lepton-ID, PDF 0.09 0.08
MC statistics, PDF 0.64 0.55
B(B — D**{v) 0.18 0.08
Efficiency momentum dependence 0.1 0.1
PDF binning 0.5 0.5
Lepton-ID, efficiency 1.8 2.2
MC statistics, efficiency 0.13 0.13
Tracking of K, m, ¢ 2.5 2.5
Tracking of g 6.0 6.0
Npo 2.7 2.7
Charm branching fractions 1.1 1.1
Total 7.40 7.50

TABLE II. Summary of the relative systematic uncertainties for the measurements of B(B" —
D*t¢~v;). The first five uncertainties impact the extracted signal yield, while the others impact
the other factors of Eq. .

uncertainty.

Further Data-MC differences in the reconstruction efficiency as a function of the momenta
pe and p,, of the lepton and soft-pion may affect the cosfgy PDFs and hence the signal
yield. Figure |2/ shows the p, and p,, distributions in the CM frame for data and MC, with
the corresponding distributions of the pull (Ngata — Numc)/v Naata in each bin. The x? per
degrees of freedom of the pull distributions is x?/Npor = 1.6 for Figs. , b, ¢, and 3.1 for
Fig. 2d, where Npor = 9. To test the impact of this relative disagreement on the fit, we
reproduce the cosfpy PDFs after reweighting each MC event so as to obtain x?/Npor = 1
in the p,, and p, pull distributions. Using these modified PDFs to perform the fit leads to
a maximal change in the fit yield of 0.1%, which is taken as a systematic uncertainty.

The systematic uncertainty due to the choice of the number of bins in the PDF is esti-
mated to be 0.5% by varying the number of bins up to 40.

The tracking efficiency uncertainty for the lepton, kaon, and pion is 0.82% per track.
This is obtained by comparing R,/s for ete™ — 77~ events in data and MC, where Ry/; is
the fraction of 3-prong 7 decays in which only two hadron tracks are found. The uncertainty
on the soft pion tracking efficiency, 6.0%, is calculated as 20% of the inefficiency obtained
from MC. The value of 20% is taken from data-MC comparison studies performed with
high-momentum tracks.

To obtain the number of B® mesons in the sample, we use the relation
Npo = L x o(ete” = T(48S)) x 2 x f. (3)

Here £ denotes the integrated luminosity, measured to be 8.7040.09 b~ using ete~ — ete
and ete™ — v events [12]. The factor f = 0.487 4- 0.013 is the fraction of neutral B
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FIG. 2. Distribution of the CM momentum of the slow pion (left plots) and lepton (right plots) for
the BY — D*Te~ v, (top plots) and B® — D*T =7, (bottom plots) modes. The data distributions
are overlaid with the MC PDFs, scaled according to the fit results.

mesons produced in 1°(4S) decays [I1]. We take the effective cross section o(ete™ — 7°(45))
to be 1.1104+0.008 nb from measurements of the number of B-meson pairs produced [13] and
of the integrated luminosity [14] at the BABAR experiment. This assumes that the branching
fraction for 7(45) decays to non-BB final states is negligible. We assign an additional
uncertainty of 2% on this value, to account for the possibility that the average SuperKEKB
CM energy is off the 7°(4S) resonance by up to 1.5 MeV.

Lastly, we account for the impact of the uncertainties in the charm branching fractions,
B(D*t — D%*) = (67.7 & 0.5)% and B(D® — K~7T) = (3.950 & 0.031)% [11], on the
signal branching fraction.

14



6. BRANCHING FRACTION RESULTS AND SUMMARY

From Eq. we measure for the B® — D**¢~7; branching fractions:

B(B" — D*"e v,) = (4.42 & 0.14(stat) & 0.33(sys)) %, (4)
B(B® — D**u™p,) = (4.70 + 0.13(stat) £ 0.35(sys))% . (5)

Considering the statistical uncertainties only, the branching fractions for the two modes are
consistent to within 1.5 standard deviations.

In summary, we measure the branching fractions of the decays B° — D**e 7, and
B’ — D** =7, using 8.7 fb~! of data collected by the Belle IT experiment in 2019. The world
average value of the branching fraction B(B? — D**(~7;) = (5.05+0.14)% [L1] was obtained
with a different value of the D° branching fraction, B(D? — K~ 7) = (3.89 & 0.04)%.
Accounting for this difference, our results are lower than the world average by 1.5 and 0.7
standard deviation for the B — D**e~7, and B® — D**t1~v, modes, respectively. While
the uncertainties we estimate are significantly larger than those of the world average, this
is the first branching-fraction measurement performed with Belle I data, and constitutes a
test of the entire data production, processing, and analysis chain.

7. ACKNOWLEDGEMENTS

We thank the SuperKEKB group for the excellent operation of the accelerator; the KEK
cryogenics group for the efficient operation of the solenoid; and the KEK computer group
for on-site computing support. This work was supported by the following funding sources:
Science Committee of the Republic of Armenia Grant No. 18T-1C180; Australian Research
Council and research grant Nos. DP180102629, DP170102389, DP170102204, DP150103061,
FT130100303, and FT130100018; Austrian Federal Ministry of Education, Science and Re-
search, and Austrian Science Fund No. P 31361-N36; Natural Sciences and Engineering
Research Council of Canada, Compute Canada and CANARIE; Chinese Academy of Sci-
ences and research grant No. QYZDJ-SSW-SLHO11, National Natural Science Foundation
of China and research grant Nos. 11521505, 11575017, 11675166, 11761141009, 11705209,
and 11975076, LiaoNing Revitalization Talents Program under contract No. XLYC1807135,
Shanghai Municipal Science and Technology Committee under contract No. 19ZR1403000,
Shanghai Pujiang Program under Grant No. 18PJ1401000, and the CAS Center for Ex-
cellence in Particle Physics (CCEPP); the Ministry of Education, Youth and Sports of the
Czech Republic under Contract No. LTT17020 and Charles University grants SVV 260448
and GAUK 404316; European Research Council, 7th Framework PIEF-GA-2013-622527,
Horizon 2020 Marie Sklodowska-Curie grant agreement No. 700525 ‘NIOBE,” and Hori-
zon 2020 Marie Sklodowska-Curie RISE project JENNIFER grant agreement No. 644294
(European grants); L’'Institut National de Physique Nucléaire et de Physique des Partic-
ules (IN2P3) du CNRS (France); BMBF, DFG, HGF, MPG and AvH Foundation (Ger-
many); Department of Atomic Energy and Department of Science and Technology (India);
Israel Science Foundation grant No. 2476/17 and United States-Israel Binational Science
Foundation grant No. 2016113; Istituto Nazionale di Fisica Nucleare and the research
grants BELLE2; Japan Society for the Promotion of Science, Grant-in-Aid for Scientific

15



Research grant Nos. 16H03968, 16H03993, 16H06492, 16K05323, 17H01133, 17H05405,
18K03621, 18H03710, 18H05226, 19H00682, 26220706, and 26400255, the National Insti-
tute of Informatics, and Science Information NETwork 5 (SINET5), and the Ministry of
Education, Culture, Sports, Science, and Technology (MEXT) of Japan; National Re-
search Foundation (NRF) of Korea Grant Nos. 2016R1D1A1B01010135, 2016R1D1A1B-
02012900, 2018R1A2B3003643, 2018R1A6A1A06024970, 2018R1D1A1B07047294, 2019K1-
A3AT7A09033840, and 2019R1I1A3A01058933, Radiation Science Research Institute, For-
eign Large-size Research Facility Application Supporting project, the Global Science Ex-
perimental Data Hub Center of the Korea Institute of Science and Technology Informa-
tion and KREONET/GLORIAD; Universiti Malaya RU grant, Akademi Sains Malaysia
and Ministry of Education Malaysia; Frontiers of Science Program contracts FOINS-296,
CB-221329, CB-236394, CB-254409, and CB-180023, and the Thematic Networks pro-
gram (Mexico); the Polish Ministry of Science and Higher Education and the National
Science Center; the Ministry of Science and Higher Education of the Russian Federation,
Agreement 14.W03.31.0026; University of Tabuk research grants S-1440-0321, S-0256-1438,
and S-0280-1439 (Saudi Arabia); Slovenian Research Agency and research grant Nos. J1-
9124 and P1-0135; Agencia Estatal de Investigacion, Spain grant Nos. FPA2014-55613-
P and FPA2017-84445-P, and CIDEGENT/2018/020 of Generalitat Valenciana; Ministry
of Science and Technology and research grant Nos. MOST106-2112-M-002-005-MY3 and
MOST107-2119-M-002-035-MY3, and the Ministry of Education (Taiwan); Thailand Cen-
ter of Excellence in Physics; TUBITAK ULAKBIM (Turkey); Ministry of Education and
Science of Ukraine; the US National Science Foundation and research grant Nos. PHY-
1807007 and PHY-1913789, and the US Department of Energy and research grant Nos. DE-
AC06-76RLO1830, DE-SC0007983, DE-SC0009824, DE-SC0009973, DE-SC0010073, DE-
SC0010118, DE-SC0010504, DE-SC0011784, DE-SC0012704; and the National Foundation
for Science and Technology Development (NAFOSTED) of Vietnam under contract No
103.99-2018.45.

[1] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D77, 032002 (2008), arXiv:0705.4008
[hep-ex].

[2] E. Waheed et al. (Belle Collaboration), Phys. Rev. D100, 052007 (2019), arXiv:1809.03290
[hep-ex].

[3] T. Abe et al. (Belle II Collaboration), (2010), arXiv:1011.0352 [physics.ins-det].

[4] E. Kou et al., PTEP 2019, 123C01 (2019).

[5] K. Akai, K. Furukawa, and H. Koiso (SuperKEKB Collaboration), Nucl. Instrum. Meth.
A907, 188 (2018).

[6] D. J. Lange, Proceedings, 7th International Conference on B physics at hadron machines
(BEAUTY 2000): Maagan, Israel, September 13-18, 2000, Nucl. Instrum. Meth. A462, 152
(2001).

[7] B. Ward, S. Jadach, and Z. Was, Nucl. Phys. B Proc. Suppl. 116, 73 (2003), arXiv:hep-
ph/0211132.

[8] T. Sjostrand, S. Mrenna, and P. Z. Skands, Comput. Phys. Commun. 178, 852 (2008),
arXiv:0710.3820 [hep-ph].

)

16


http://dx.doi.org/10.1103/PhysRevD.77.032002
http://arxiv.org/abs/0705.4008
http://arxiv.org/abs/0705.4008
http://dx.doi.org/10.1103/PhysRevD.100.052007
http://arxiv.org/abs/1809.03290
http://arxiv.org/abs/1809.03290
http://arxiv.org/abs/1011.0352
http://dx.doi.org/10.1093/ptep/ptz106
http://dx.doi.org/ 10.1016/j.nima.2018.08.017
http://dx.doi.org/ 10.1016/j.nima.2018.08.017
http://dx.doi.org/ 10.1016/S0168-9002(01)00089-4
http://dx.doi.org/ 10.1016/S0168-9002(01)00089-4
http://dx.doi.org/ 10.1016/S0920-5632(03)80147-0
http://arxiv.org/abs/hep-ph/0211132
http://arxiv.org/abs/hep-ph/0211132
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820

[9] T. Kuhr, C. Pulvermacher, M. Ritter, T. Hauth, and N. Braun (Belle-II Framework Software

Group), Comput. Softw. Big Sci. 3, 1 (2019), arXiv:1809.04299 [physics.comp-ph]|.

[10] G. C. Fox and S. Wolfram, Phys. Rev. Lett. 41, 1581 (1978).

[11] P. A. Zyla et al. (Particle Data Group), to be published in Prog. Theor. Exp. Phys. 2020,
083C01 (2020).

[12] F. Abudinén et al. (Belle IT Collaboration), Chin. Phys. C41, 021001 (2020), arXiv:1910.05365
[hep-ex].

[13] A. J. Bevan et al. (BABAR & Belle Collaborations), Eur. Phys. J. C74, 3026 (2014),
arXiv:1406.6311 [hep-ex]|.

[14] J. P. Lees et al. (BABAR Collaboration), Nucl. Instrum. Meth. A726, 203 (2013),
arXiv:1301.2703 [hep-ex]|.

17


http://dx.doi.org/10.1007/s41781-018-0017-9
http://arxiv.org/abs/1809.04299
http://dx.doi.org/10.1103/PhysRevLett.41.1581
http://dx.doi.org/10.1088/1674-1137/44/2/021001
http://arxiv.org/abs/1910.05365
http://arxiv.org/abs/1910.05365
http://dx.doi.org/10.1140/epjc/s10052-014-3026-9
http://arxiv.org/abs/1406.6311
http://dx.doi.org/10.1016/j.nima.2013.04.029
http://arxiv.org/abs/1301.2703

	  [0.5cm] Measurement of the branching fraction B("7016B0 D*+-"7016) with early Belle II data
	Abstract
	Introduction
	The Belle II detector and data sample
	Event selection
	Signal yield extraction
	Systematic uncertainties and cross checks
	Branching fraction results and summary
	ACKNOWLEDGEMENTS
	References


