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Abstract

In the standard model of particle physics (SM), lepton flavor universality is an axiom
that states that the coupling constants in the interaction between leptons and gauge par-
ticles are the same regardless of the lepton flavor e, pu, or 7. This universality has been
demonstrated by various experiments. On the other hand, in the semi-leptonic B decay, the
ratio of the branching fractions R(D™)) = B(B — D®1~7,)/B(B — D™"(~7,), where /
represents an electron or muon, show a tensions with the SM expectations at a significance
of 3.20. This deviation could be a sign of physics beyond the SM (BSM).

We search for lepton flavor universality violation by measuring R(D*) using 189 fb~1
data collected between 2019 and 2021 at the Belle IT experiment. We find

R(D*) = 0.262 T3040 (stat.) T003% (syst.).

This result is consistent with the SM predictions. Therefore, no significant violation of lep-
ton flavor universality is observed. The results also agree with the previous measurements
within the uncertainty. The world average of the R(D(*)) measurements, including our
measurement, shows a slight increase in the deviation from the SM prediction from 3.2¢
to 3.30. Finally, we discuss possible BSM contributions in B — D*7~ 7, based on the new
world average of R(D™)) and prospects of sensitivity on R(D*) at the Belle II experiment.
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1 Introduction

1.1 The Standard Model

Elementary particles are the most fundamental particles of matter in the universe. The
standard model of particle physics (SM) is a basic theory that describes the fundamental
particles and forces acting between them. The model is based on the principle of gauge
symmetry. It is founded on the local gauge invariance of the mathematical group SU(3) x
SU(2) x U(1)y. This invariance is maintained by introducing gauge fields that absorb
phase differences in the complex fields, denoted by W¥(x). Interactions between particles
are mediated through the exchange of gauge bosons, which act as force carriers.

The SM encompasses various elementary particles as shown in Figure 1.1, distinguished
by their quantum numbers. Particles are primarily categorized into three groups based on
spin: fermions, gauge bosons, and the Higgs boson. The fermions have a spin of 1/2 and
form all the matter in the universe. Fermions are subdivided into quarks and leptons.
Gauge bosons, with a spin of one, mediate forces between fermions. The Higgs boson, a
scalar boson with a spin of zero, gives mass to other particles through the Higgs mechanism.
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Figure 1.1: Elementray particles in SM.

The Lagrangian for the interactions of Standard Model particles with gauge fields is
given by

L= T (2)iv" D, (), (1.1)
I

«
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a=1

where I indexes the different fermion fields (quarks and leptons) in the SM, and ¥ = Tiq0
represents the Dirac adjoint of the fermion field. The constants g1, g2, and g3 are the



coupling constants for the U(1)y, SU(2), and SU(3) gauge fields, respectively. The charges
of the fermions are listed in Table 1.1.

Table 1.1: Charge of fermions
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The SU(2) x U(1)y symmetry is broken down to U(1)gm gauge symmetry through
spontaneous symmetry breaking. This symmetry breaking allows gauge fields to have
masses. One of the SU(2) gauge fields, WE’, and the U(1)y gauge field, B,,, are recombined
as follows:

A, = Wi’ sin Oy + B,, cos Oy,
Z, = W;’ cos by — By, sin Oy, (1.4)

where sin 0y represents Weinberg angle, defined as g1/+/(g91)? + (92)?. The field A, cor-
responds to U(1)gm gauge field and preserves gauge invariance. Physically, the gauge
boson corresponds to the photon, which has a zero mass. On the other hand, three fields
Wlfc =(1/ ﬁ)(W; F ng) and Zg correspond to gauge fields that break gauge invariance
among the SU(2) x U(1)y invariance. Their gauge bosons, known as weak bosons, acquire
NnoN-zero masses.

The transitions that change quark flavors occur with the W™ boson through the
Cabibbo-Kobayashi-Maskawa (CKM) mechanism.! This mechanism is mathematically rep-
resented by the CKM matrix, which is a complex unitary matrix. That describes the prob-
ability amplitudes for the transitions between quark flavors through the weak interaction.
This matrix is a 3 x 3 matrix for three generations of quarks:

Vud Vus Vub
Vorkm = | Ved Ves Ve | - (1.5)
Via Via Vi

Each element of the matrix, V;;, represents the probability amplitude for a transition from
an ¢ quark to a j quark. The complex phases in the CKM matrix allows for C'P violation.

! Charge-conjugate modes are implied throughout the thesis.



This C'P violation induced in the quark sector is quantified by the Jarlskog invariant,
0.15 -
J = (3.08T013) x 1072 [1].
The SM is a powerful framework that successfully explains numerous experimental
results. However, it is understood not to be the ultimate theory as it leaves several observed
phenomena unanswered.

e Non-zero neutrino masses
Within the currently formulated framework, neutrinos are considered only left-handed,
resulting in them being massless. However, results from neutrino oscillation experi-
ments suggest that neutrinos have mass. Therefore, the theory requires extension or
modification to incorporate neutrino mass.

e Imbalance between matter and anti-matter in the universe
The Big Bang should have produced equal amounts of matter and antimatter. How-
ever, observations of the universe show a clear asymmetry: there is significantly more
matter than antimatter. The Standard Model lacks a robust mechanism to explain
how this asymmetry arose.

e The nature of dark matter and dark energy
Astrophysical and cosmological observations indicate that the universe contains far
more than the matter described by the SM. That is known as dark matter. Moreover,
the accelerated expansion of the universe is attributed to dark energy.

Consequently, these observations require physics beyond the SM (BSM).

1.2 Semi-leptonic B decays

The semileptonic B decays are processes in which a B meson decays into a lepton, a
corresponding neutrino, and one or more hadrons. In the Standard Model (SM), the
transition of a b quark to a ¢ quark occurs at the tree level, mediated by a W boson, as
shown in Figure 1.2. The effective Lagrangian is described as [2]

4G
Lot = ——Vep(@y" PLb) (I, PLin) + hic. (1.6)

V2
Here the fermion field ¥ = ¢, b, [, v; denotes the Dirac spinor ¢ = (¢, ¢ g), where L and R
indicates the chirality of the fermions. The lepton [ is either e, u, or 7. The Fermi constant
G is defined as (v/2/8)g%,/m%,, where gy represents the SU(2) weak coupling constant.

The left- and right-handed projection operators are Pr, p = (1 F 75)/2. The 75 matrix is

defined as i7°v!y%y3 = —iyo117273.

Since the mediator W boson is significantly heavier than the initial B meson, semilep-
tonic B decay is effectively treated as a four Fermi interaction at the leading electroweak
order. This interaction is described by the product of matrix elements for leptonic and
hadronic currents [2]:

MY (a0 = My QZn O (P0G (@), (17)

fM
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Figure 1.2: Feyman diagram of semileptonic B decays.

where

Lilw (@°,61) = eula, Aw) (L(pr, \)mw (po, ) |Iv*(1 — 5)ve|0) (1.8)

and

A (x * * = B
H\"Y (¢%) = (g, Aw) <D( )(pm*),)\D(*))‘CV“(l - 75)5‘B(PB)> (1.9)

represent leptonic and hadronic currents, respectively. Here p;, pe p denotes the four-
momentum of each particle. The square of momentum transfer to the lepton system, g2,
is defined as

¢ = (p+p)’ = (pB —pp-)* (1.10)

and 6; is the angle between the momentum of the charged lepton and B meson in the
virtual W rest frame. The helicity of the W boson, Ay, takes values £, 0, and s, where
s represents the scalar state of the virtual W boson. The helicity Ay = s corresponds to
zero. The metric factor n(Awy) is

) 1 (Aw = +,0), A1)
77 )\W = 2_M2 q2<<m 111
: M%VW =" -1 Qw =),

and €(q) denotes the polarization vectors of the virtual W boson.
The leptonic matrix elements Lilw (¢2,0;) are expressed as [2]

LE(¢%,61) = £V2mwsin b, (1.12)
L(T(q2, ;) = 2myv cos 0y, (1.13)
LE (g% 6) = —2myv, (1.14)
Li(q%,01) = V/2¢?v(1 + cos 6y), (1.15)
La(qQ,Hl) = —2\/q72v(1 + cos ), (1.16)
L; (q%,6) =0, (1.17)
where
2
m
v=1/1- q—é- (1.18)



The interaction between a pseudoscalar meson and a vector meson is generally charac-
terized by a vector current V (¢?), and three axial currents Ag(q?), A1(¢?), and Az(q?). The
hadronic matrix elements for the vector and axial vector current operators in B — D*{~ 7,
decays are given with these currents.

Lepton flavor universality tests

In the Standard Model (SM), the couplings of vector bosons to lepton pairs are commonly
shared among all generations of leptons, which is known as lepton flavor universality (LFU).
This LFU is supported by numerous experimental results in tests at a wide range of energy
scales involving decays of on-shell W and Z bosons, light mesons, and leptons [3-8].

The LFU tests that utilize semileptonic B decays are also performed. For the light-
lepton sets, the LFU is tested with branching fractions or angular variables. The branching
fractions are compared between semileptonic B decays to an electron or muon with the
following ratios:

R(D*),), = B(B — Drewr) (1.19)
“r B (B — D*M*Pu)

R(X)e/s = BB~ Xevr) , (1.20)
" BB - Xum,)
B(B — Kete™)

ROK)ein = 505 Kb o) (1.21)
« _ B(B— K*ete)

RK)eju = (B o) (1.22)
B (A, — pKete™

R(pK).;, = (Ao = pKerer) (1.23)

B(Ap — pKptp=)

All of the measurements on these ratios are consistent with SM predictions [9-17]. Another
approach for the LFU tests is to compare angular distributions. The Belle II experiment
performs the test with comprehensive sets of angular symmetry and it reveals that there
is no significant LFU violation between electrons and muons [18]. Thus, the lepton flavor
universality between light-lepton flavors is strongly substantiated by these measurements.

Measurements of R(D(*))

The universality between the heaviest 7 lepton and light leptons is challenged by several
measurements in semileptonic B decays. The BaBar [19, 20], Belle [21-24], and LHCb
experiments [25, 26] measure the ratio of branching fractions of the semileptonic B decays,
defined by:

B B (E — DT‘?T)
B = 5 GS piwy) (1.24)
o B (E — D*T_?T)
B = 5B Diw) (1.25)



where ¢ represents a light lepton, e or u. The experimental results are summrized in
Table 1.2 The global average of the measurements exhibits a 3.2¢ discrepancy from the
SM prediction, as shown in Figure 1.3 [27]. This excess in B — D) 7~7, decays compared
to B — D¢~ 7, decays is known as the R(D™) anomaly. That could indicate BSM
contributions.

Experiment 7 decays R(D¥) R(D) Correlation
BaBar [19, 20] 77 — (v, 7y 0.332 £ 0.024 £ 0.018  0.440 £ 0.058 £ 0.042 —0.27
Belle [21] N Vs 7)) 0.293 £ 0.038 = 0.015 0.375 £ 0.064 + 0.026 —0.49
Belle [22, 23] 77 — 7 /p~v,  0.270 4+ 0.03570 038 — —
Belle [24] T =L u Ty 0.283 £0.018 £ 0.014 0.307 £ 0.037 £ 0.016 —0.51
LHCb [26] N VR 27 0.281 £0.018 £0.024 0.441 £ 0.060 % 0.066 —0.43
LHCb [25] T = r antr vy, 0.257£0.012 +£0.018 — —

Table 1.2: Summary of R(D(*)) measurement results performed by the BaBar, Belle, and
LHCDb experiments. The first and second uncertainties are statistical and systematic.
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Figure 1.3: Summary of R(D®*)) measurements and a preliminary average of R(D) and
R(D*) for winter in 2023 [27]. The black point with error bars indicates the SM prediction.

1.3 New physics in B — D*7 7,

We considers the effective operators representing BSM contributions to semileptonic B
decays as shown in Figure 1.4. The effective Hamiltonian for BSM contributions is described



_ 4GF

= \/5 —Va [(1 + CVL)OVL + CVROVR + CSLOSL + OSROSR + CTOT] (1.26)

where

= (ey"Ppb)(Ty,PrLvr), (1.27)
= (cy" Prb)(TyuPrvy), (1.28)
— (ePub)(TPLy), (1.20)
— (ePRb) (TPLy), (1.30)
OT = (ca" Ppb)(TouwPryr). (1.31)

Figure 1.4: Feynman diagram of B — D®) 77 decays with effective operators of BSM.

From the effective Hamiltonian in Eq (1.26), the differential branching fraction of
B — D®7r~ 7, decays is obtained as [? ]

5] —— 2 2 2\ 2
dI'(B — D77 7;) GF|VCb| o () <1 B mT> 9 {

dq? -~ 192m3m q?
2 2
3m
3
+ QICSL + CSR|2H§

mr
——=HgsHy,

Vi

— 12Re[(1 + Cy, + CVR)CT]

+ 3Re[(1 + Cy,, + Cyyp )(C, + Cg,.)]

(HTHVO)} (1.32)

Vi

and



dl'(B — D*t7 v, 2| Ve|?
BoDrv) Gl o i (1-78) o {

dg? ©192m3m3
2 2 2 3m 2 2
(14 Cu P4 O ?) | (14 55 ) (B + HE 4 HE) + 5 5
2 3m2
~2Rel(L+ Cu Oy | (14 505 ) (g + 288y, ) + 5 T
3
+ §’CSL - CSR|2H§
9 2
+ 8|Cr|? (1 + ;n;) (H} . + H7 _ + Hiy)
* * mT
+ 3Re[(1 + Cy;, — Cvy,)(Cs, — CSR)]WHSHV,t

— 12Re[(1 + CVL)CT} (HTOHVO +Hr Hy—Hr_Hy_)

JcT

V q>

Form factor description based on Heavy quark effective theory [28] is utilized and

(HTOHV0+HT+HV —HT7_HV7+)}. (1.33)

integrated out over the variable ¢>. The BSM contributions to R(D*) are expressed as a
ratio over the SM prediction [29]:

R(D*

BTy 0y 2+ |Gl + 0.04(Cs, — Csy? + 16.0/C

R(D*)sm
— 183Re[(1 + Cv, )5, ] — 0.11Re[(1 + Cy, — Cy,)(C5, — C% )]

— 5.17Re[(1 + Cy, )C7] + 6.60Re[Cy,CT].  (1.34)
1.4 This dissertation

We perform the first R(D*) measurement at the Belle IT experiment. This result marks the
first test of the LFU with semileptonic B decays involving 7 decays, utilizing e*e™ collision
data from the Belle II detector at the SuperKEKB collider. Using a new data set from the
Belle II experiment, this measurement enables a statistically independent examination of
the R(D*) anomaly, augmenting the previous measurements. It contributes to the search
for NP effects violating LFU in semileptonic B decays. In our analysis, we introduce a
novel B reconstruction method as a B tagging technique, with selections optimized to
fully exploit this approach. The analysis successfully controls the uncertainties through an
understanding of the real data collected during an early data-taking period. Consequently,
we deliver a timely and independent result for the high-profile R(D*) anomaly with an
uncertainty comparable to the previous measurements.

I have led the establishment of an analysis framework for this R(D*) measurement with
the early data set at the Belle II experiment and played a pivotal role in its development
across all analysis steps. My contribution includes developing a reconstruction algorithm for
B — D*r v, and B — D*{~ v, decays, optimizing selection criteria for those candidates,
validating simulation with sideband data, formulating procedures of the signal extraction,
evaluating systematic uncertainties, and deriving the final results.



This dissertation is organized as follows. Section 2 describes the SuperKEKB acceler-
ator and the Belle IT detector. Section 3 outlines our analysis strategy. Section 4 provides
details of the data sets and the selection criteria for B — D*r~ 7, and B — D*{~ 7T, can-
didates. Section 5 explains the calibration procedures for simulation. Section 6 reports
the validation of detector responses and background modeling in the simulation. Section 7
details the method for the signal extraction. Section 8 presents the results, while Sec-
tion 9 describes the systematic uncertainties. Section 10 discusses the prospects of R(D*)
measurements at Belle II and the implications for new physics parameters. Finally, the
dissertation concludes in Section 11.



2 The SuperKEKB /Belle 11 experiment

2.1 The SuperKEKB accelerator

The SuperKEKB accelerator is an electron-positron collider located at the High Energy
Accelerator Research Organization (KEK) in Tsukuba, Japan [30]. Figure 2.1 illustrates
the SuperKEKB accelerator. The accelerator is a significant upgrade of the KEKB acceler-
ator, designed to achieve a thirty times higher luminosity than its predecessor. It consists
of an electron-positron linear injector, a positron damping ring, and two main rings with
a circumference of 3 km: the high energy ring (HER) for electrons and the low energy
ring (LER) for positrons. The electron and positron beams are accelerated in the linear
injector to 7 GeV and 4 GeV, respectively. These beams circulate the main rings and
collide at the interaction point in the center of the Belle II detector at the center-of-mass
(c.m.) energy /s = 10.58 GeV, corresponding to the energy of Y(4S5) resonance. The
SuperKEKB accelerator achieves the world’s highest luminosity of 4.7 x 103 ¢cm™2s™! in
2022. The processes ete™ — BB and ete™ — ¢q (¢ = u,d, s,c) have cross-sections of
1.1 fb=! and 3.7 fb~ !, respectively. The Y (4S5) resonance decays into B meson pairs with

a branching ratio of > 96% [1].

Interaction
Region Belle Il detector

electron / positron
linear injector

positron damping ring

Figure 2.1: The SuperKEKB accelerator. () KEK

2.2 The Belle II detector

The Belle IT detector is a general-purpose particle detector [31]. The detector is placed at
the collision point of the electron and positron beams and records events caused by the
beam collisions. Figure 2.2 shows a schematic image of the Belle II detector. From the
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Electron
7 GeV

Positron
4 GeV

Figure 2.2: The Belle II detector. The blue and red arrows indicate the direction of the
electron and positron beams.

most inner to the most outer layers, the detector consists of a vertex detector, a central
drift chamber, particle identification detectors, an electromagnetic calorimeter, and a Kg
and muon detector. The electromagnetic calorimeter is surrounded by a superconducting
solenoid magnet with an inner diameter of 3.6 m that provides a 1.5 T uniform magnetic
field. The Belle II adopts a cylindrical coordinate system. The z-axis aligns with the
solenoid magnetic field and points approximately parallel to the momentum direction of
the electron beam. The x and y axes are oriented in the horizontal and vertical directions,
respectively. The polar and azimuthal angles are denoted by 6 and ¢. The positive and
negative z directions correspond to forward and backward directions, respectively.

2.2.1 Vertex detector

The vertex detector (VXD) surrounds a beryllium beam pipe with an inner diameter of
12 mm. Located at the most inner layers, this detector reconstructs decay vertices of
B mesons and long-lived particles based on the trajectory of the charged particles. It
comprises a pixel-type semiconductor detector (Pixel Detector, PXD) for the inner two
layers and a strip-type semiconductor detector (Silicon Vertex Detector, SVD) for the
outer four layers. When a charged particle traverses an n-type silicon semiconductor, it
generates an electron-hole pair charge. By applying voltage, the n-type semiconductor
becomes depleted. The PXD, utilizing a Depleted Field Effect Transistor (DEPFET),
stores the produced electrons in the internal gate. The gate voltage of the DEPFET, which
fluctuates depending on the number of stored electrons, detects the signal. Conversely, the
SVD employs a double-sided silicon detector (DSSD). In this setup, electrons and holes
migrate to opposite sides of the n-type and p-type silicon semiconductor along the electric

- 11 -



field. The electrodes on each side read out electron and hole signals from strips in the ¢
direction and strips in the z direction, respectively.

2.2.2 Central drift chamber

The central drift chamber (CDC) measures the momentum of charged particles by deter-
mining the curvature of their reconstructed tracks in a magnetic field of 1.5 T. It also
identifies the types of charged particles by measuring their energy loss. Inside the cham-
ber, charged tracks ionize the gas. The generated electrons are attracted to the sense wire
and further ionize atoms near the sense wire, which causes avalanche amplification. The
amplified electrons are then read out from the sense wire as a signal. The magnitude of
this readout signal is used to measure the energy loss.

2.2.3 Time-of-propagation counter

The Time-of-propagation (TOP) counter, a ring-imaging Cherenkov detector, is located
in the barrel region. It is composed of 16 modules, with each module consisting of a
quartz radiator, a photodetector MCP-PMT, and a readout circuit. The emission angle of
Cherenkov light, 8¢, is given by

0 ! (2.1)

cosbo = ———, .
n(A)B

where 8 = v/c denotes the velocity of a charged particle, and n(\) is the refractive index
of the radiator depending on the wavelength of light A. The Cherenkov angle and mass of
the charged particle are interconnected as

m=2 = pv/n2(\) - cos? O — 1, (2.2)
By
where v = 1/4/1 — 32. Therefore, by utilizing momentum reconstructed in the inner
trackers and measuring 6, the TOP counter identifies the type of the charged particle. It
determines the Cherenkov angle by measuring the arrival time and position of the photons
that propagate inside the quartz radiator.

2.2.4 Aerogel ring imaging Cherenkov detector

The Aerogel ring imaging Cherenkov (ARICH) detector is a ring-imaging Cherenkov de-
tector situated at the forward end-cap region. It utilizes two-centimeter thick aerogel with
two different refractive indices as a radiator. When a charged particle passes through the
aerogel, it generates Cherenkov light, and the photons are detected by a photodetector lo-
cated 20 cm away from the aerogel. This process produces a ring of Cherenkov photons on
the detector, and the Cherenkov angle is reconstructed using these photons. The photode-
tector, a Hybrid Avalanche Photo Detector, reads out signals with an amplification factor
of about 70,000 times. This amplification is achieved by accelerating photoelectrons onto
the Avalanche Photodiode using high voltage and then through avalanche amplification
inside the photodiode.
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2.2.5 Electromagnetic calorimeter

The electromagnetic calorimeter (ECL) is a total absorption calorimeter that uses CsI(T1)
crystals to measure the energy of electrons and photons. When electrons or photons enter
these crystals, they generate an electromagnetic shower. This process produces scintillation
light that corresponds to the energy of the incident electrons or photons. The intensity of
the scintillation light is proportional to the energy lost in the electromagnetic shower. A
PIN photodiode, attached to the end of the crystal, detects this scintillation light as the
photodetector.

There are discrepancies in the energy deposit to the ECL clusters and its leakage
between the data and the simulation. To correct them, we apply energy bias correction
to all photon candidates depending on momentum, polar angle, and azimuthal angle. The
bias is evaluated using 7° mass distributions.

2.2.6 Kg and muon detector

The K? and muon detector (KLM), located outside of the solenoid magnet, identifies
particles with high penetrating power, particularly Kg mesons and muons. This detector
features a sandwich structure consisting of 14 or 15 layers of iron and detectors for charged
particles, each about 4.7 cm thick. Plastic scintillators are used in the two inner layers in
the barrel region and in the forward and backward end-cap regions, while resistive plate
chambers are employed in the outer layer of the barrel region. Both muons and charged
hadrons produce hits in these detectors. undergo only electromagnetic interactions, while
charged hadrons experience both electromagnetic and strong interactions. This leads to
significant multiple scattering, enabling their discrimination through the different shapes
of their showers. The Kg mesons do not leave direct hits in the detectors. Instead, interact
with nucleons in iron via strong interactions and emit charged particles. These particles
are then detected, allowing for the identification of the Kg mesons.

2.3 Reconstruction technique of B mesons

The Full Event Interpretation (FEI) algorithm [32] reconstructs one of the B mesons from
Y (4S) decays. It exclusively uses 68 hadronic decay channels of neutral and charged B
mesons listed in Table 2.1. The reconstruction process involves a hierarchical approach with
six object stages, starting from tracks, displaced vertices, and neutral clusters. In total, this
method considers more than 10,000 decay cascades. This identification method is called
hadronic B tagging. The algorithm utilizes FastBDT [33] and returns the probability of Byag
meson, Prgr, between 0 and 1 as the output. The probability represents a confidence level
of the reconstructed Biag meson. A Bi,, candidate with a high (low) probability is more
likely to be correctly (incorrectly) reconstructed B meson. The reconstruction efficiencies
of the Bi,s mesons are 0.23% and 0.30% for neutral and charged B modes at a purity of
29% [34].
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Table 2.1: Reconstructed modes of hadronic B decays implemented in FEI for neutral

and charged By,e candidates.

Neutral B Charged B
1D Decay ID Decay
0 B—Dn~ 0 B~ — D%~
1 B— Dtg 0 1 B = D% 7Y
2 B — Dtr 070 2 B~ — DY 7070
3 B-oDtratns 3 B —D'ratn™
4 B-oDtrata 4 B = D% atp—nd
5 B— Drtn- 5 B~ —=D'D-
6 B— D'D'K- 6 B~ — DD Ky
7 B — DYDK- 7 B~ — DD Ks
8 B- D'"D'K- 8 B~ — D'D* Ke
9 B D"DK- 9 B~ — DD Ky
10 B— DD K 10 B~ — D'D'K-
11 B— DD Ky 11 B~ — D*D°K-
12 B— D*D* Ky 12 B~ — D'D*K~-
13 B— D*'D* Ky 13 B~ — D*'D*K~
14 B - DTD; 14 B~ — DDy
15 B— D" n~ 15 B~ — D%~
16 B — D*n—x0 16 B~ — D770
17 B — D*Tn 7970 17 B~ = D% 7070
18 B—D*"'nntn— 18 B~ = D' xtx—
19 B— D*"n atpx0 19 B = D% gtr 70
20 B— DTD:~ 20 B~ — D'D:~
21 B — D*'Dy 21 B~ — D*'D*~
22 B — D*"D:” 22 B~ — DK~
23 B — J/YKg 23 B~ — Dtrtr-
24 B — J/YK 7wt 24 B~ — Dtrta—x0
25 B — J/WKgrtr 25 B~ — J/YK~
26 B — Afprtr 26 B~ — J/YyK ntw
27 B — D%p 27 B~ — J/YK—7°
28 B — Dtppr- 28 B~ — J/YKar~
29 B — D*'ppr~ 20 B~ — Afpr—n°
30 B — Dprtn— 30 B™ = Afprrta™
31 B— D*%pprta— 31 B~ — D%pn—
32 B~ — D*%ppr—
33 B~ — D pprntm—
34 B~ — D* pprta~
35 B~ — Afprn~
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3 Analysis strategy

We measure the R(D*) value by simultaneously determining the branching fractions of
the signal B — D*7~ 7, and the normalization B — D*{~ 7, decays. Leveraging the high
reconstruction efficiency of neutral particles at Belle 11, we include charged B modes as well
as neutral B modes in the R(D*) measurement, under the isospin-symmetry assumption
that R(D*T) = R(D*Y).

We reconstruct candidates of the signal and normalization decays from the identical fi-
nal states by exploiting leptonic 7 decays: 7~ — e~ v,V and 7~ — pu~v,v,,. This approach
helps reduce experimental systematic uncertainties by the cancellation of reconstruction
efficiencies for the final-state particles between the signal and normalization candidates.

Our reconstruction employs a B tagging method. Initially, one of the B mesons pro-
duced in pairs from Y (4S5) decays is identified and designated as a tagged B meson, or
Biag. This Byiae meson is fully reconstructed via exclusive hadronic channels using the FEI
technique. The other B meson, reconstructed with a D* candidate and a lepton candidate,
is used for the signal and normalization decays and is referred to as Bsg. An example
of the decay topology in this reconstruction is illustrated in Figure 3.1. Employing this
B tagging method allows for the reconstruction of the entire event, except for missing
particles like neutrinos. Thanks to the well-known initial states with the beam energies
and the pair production of B mesons, the kinematics of the B, candidate is effectively
constrained by the information from the partner Bi,, candidate, even with the missing
particles in the By, decays. Additionally, the increased reconstruction efficiency provided
by the FEI technique is particularly beneficial in this analysis approach, where statistical
uncertainty is still the predominant source of uncertainties. Comprehensive details of the
reconstruction and candidate selection processes are described in Section 4.

We adopt a data-hidden analysis approach in this R(D*) analysis. The signal regions,
defined by selections of the reconstructed mass difference between a D* and its D daughter
candidates, remain hidden in the data until we finalize the analysis procedures, including
selections, calibration, and background estimation. We conduct calibration using data
from a sideband region or a partially opened region where only the normalization decays
are predominant. Both of these regions have negligible contributions from the signal decays.

In our analysis, the primary source of background candidates arises from incorrectly
reconstructed D* candidates, hereafter referred to as fake D* candidates. This misrecon-
strutcion primarily results from random combinations of daughter particles and/or their
cross-feed between the Byi,, and B, decays as shown in Figure 3.2. We discriminate these
candidates by examining the masses of the daughters and other daughter variables.

The rest of the background candidates consists of correctly reconstructed D* candi-
dates. These background candidates enter our signal region, as illustrated in Figure 3.3.
They predominantly originate from semileptonic B decays to excited-charm mesons. These
heavier 1P states in the charm meson system are collectively known as D**. In these cases,
the D** states decay secondarily to D* mesons accompanied by a few low-momentum pi-
ons. Often, these decays are only partially reconstructed as a Bz candidate. Such partial

~15 —



Tag side

(Full Event Interpretation)

HER e~
7 GeV

Signal side

(Leptonic T decay)

Figure 3.1: Schematic view of topology in the reconstruction of a BB candidate.

(a) (b)

Figure 3.2: Schematic view of background events with a fake D* candidates in the recon-
struction. Fake D* candidates are formed by (a) random combination of daughter particles
and/or (b) cross-feed of daughter particles between the Biag and Bgjg decays. Here a 70
candidate from the Bz decay chain is misreconstructed and that from the By, decay is

used for the D* reconstruction in the cross feed.

reconstructions lead to a missing mass in the event, which can mimic the larger missing
mass typical of 7 decays. To suppress these background candidates, we apply selections
for particles not involved in the reconstruction of either the By, or B, candidates. These
selections ensure that no extra reconstructed particles are associated with the Bgj, candi-
date. The misidentification of hadron daughters as lepton candidates also inadvertently
includes background candidates from hadronic B decays.
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Figure 3.3: Schematic view of background candidates with a correctly reconstructed D*
candidates in the reconstruction. (a) Failures to reconstruct a low-momentum 7° candidate
from a D** state often induce the background candidates from B — D**¢~7, decays.
(b) The misidentification of a hadron daughter as a lepton candidate allows to include the
background candiadtes from hadronic B decays.

We establish a reasonable background estimation in simulation for both types of back-
ground sources: those with incorrectly and correctly reconstructed D* candidates. We val-
idate the modeling of these background decays in the simulation by comparing it with data
from sideband regions where each background source predominantly contributes. For the
background candidates with fake D* candidates, we calibrate them using data-simulation
ratios of their yields. Furthermore, the background yields are controlled in the signal ex-
traction, implementing constraints based on these data-simulation ratios. Through these
data-driven approaches, we demonstrate that both background sources are well-modeled
in our simulation.

We distinguish between correctly reconstructed signal and normalization candidates,
as well as background candidates, by utilizing two key variables: the extra energy detected
by the ECL detector aside from the tag-side and signal-side B mesons, so-called Egcr,, and

the missing mass squared, M?2 These variables take advantage of both B mesons from

miss*
Y (4S5) decays, so they are unique to analyses using the B-tagging technique. Figure 3.4
illustrates distributions of Egrc, and Mr%liss.

Extra energy in ECL EgcL

The extra energy in ECL mainly discriminates B — D*r~ 7, and B — D*(" 1,
candidates from background candidates. It is calculated as the sum of the cluster
energy of selected photon candidates that are not involved in the reconstruction of
the Biag or Bgj, candidates. Correctly reconstructed candidates typically show a peak
at zero, whereas background candidates often exhibit higher values due to additional
clusters from missing particles.

P 2
Missing mass squared M.
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Figure 3.4: Distributions of (a) Ercr, and (b) M2, in simulation. The candidates are re-
constructed with B° — D*T ¢~ I/g and D** — DOt modes The red and orange histograms
are correctly reconstructed B’ = Do vr and B’ = Do vy candidates, respectively.
The green (light-blue) histograms are background candidates with a correctly and incor-

rectly reconstructed D* candidate. The vertical axes are normalized in an arbitrary unit.

The missing mass squared is defined by Eq. (3.1) and is instrumental in separating
B — D*1~ U, candidates from B — D*(~7, and background candidates.

EY, - 2 % % % 2
MI%]ISS = <e;e - ED* - E@) - (_thag —Pp+ — Py ) . (31)

Here, E?, _ is the c.m. collision energy of the ete” beam, Ej. and E; are the
reconstructed energy of D* and lepton candidates, thag, pBD*, and p,* are the re-
constructed momentum of By,e, D*, and lepton candidates in the c.m. frame, re-
spectively. Correctly reconstructed B — D*{~7, candidates typically peak at zero,
corresponding to the mass of a neutrino as all final-state particles except for one neu-
trino are reconstructed. In contrast, B — D*7~ 7, candidates exhibit larger values
due to the emission of multiple neutrinos from the leptonic 7 decays.

Utilizing these variables in two dimensions, we can effectively discriminate between
signal, normalization, and background candidates, as demonstrated in Figure 3.5. We
ascertain the yields of these candidates and determine the ratio R(D*) from a fit to data.
This fitting process employs these variables as fitting observables within two-dimensional
probability density functions (PDFs).

The most significant source of systematic uncertainty in this measurement arises from
the shapes of the fitting observables in simulation. Corrections are required due to dis-
crepancies observed between data and simulation. We implement data-driven correction
procedures and evaluate their uncertainties.
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Figure 3.5: Two-dimensional distributions of Fgcr, and Mr%liss in simulation. The can-
didates are reconstructed with B — D**¢~7, and D** — D%r" modes. The signal (a),
normalization candidates (b), and background candidates with a true D* candidate (c) and
a fake D* candidate (d) are shown, respectively. The z-axes are normalized in an arbitrary
unit.
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4 Signal reconstruction and selection

4.1 Data set

4.1.1 Data

We use (189.26 & 0.01) fb~! of the ete™ collision data at a center-of-mass energy of
10.58 GeV collected from 2019 to 2021. The total number of BB events is (198.043.0) x 10°.

4.1.2 Monte Carlo (MC) samples

Table 4.1: Branching fractions of B — D®7r=7_ in the signal MC samples and equivalent
luminosity of the generated samples.

Decay Branching fraction Equivalent luminosity [fb™!]
B' = Dt 0.0125416 40239.5
B’ = Dtr ., 0.0063687 42066.0
B~ — D*%+ . 0.0134976 35427.2
B~ — D% 7, 0.0068527 36854.6

Monte Carlo (MC) simulation samples are used to develop the signal selection criteria,
examine the leading background processes, and determine the final fit model. The decay
chains in the MC samples are simulated using the EvtGen package [35] and the detector
response is modeled with the Geant4 framework [36]. Electromagnetic final-state radiation
is simulated using the PHOTOS package [37, 38]. All MC samples are generated under the
nominal beam-induced background conditions estimated at an instantaneous luminosity of
2.8 x 10%® cm™2s! in the simulation.

Signal B — D™+~ MC
We prepare 800 million events for the signal decays from BB’ and B*B- pairs,
respectively. In the simulation, one of the B mesons decays exclusively to D7,
and D*77 7, with a ratio of these branching fractions. The other B meson decays
inclusively. The 7 lepton from B — D™®) 7~ decays inclusively. Branching fractions
of the signal decays are also summarized in Table 4.1.

Generic MC

We use MC samples that consist of ete™ — BB events where each B meson decays
inclusively, and continuum events where ete™ — ¢q (¢ = u,d, s,c). These samples
have event compositions based on production cross-sections and decay branching
fractions. The decay rates of B meson decays for which no measurements exist are
modeled by PYTHIA [39]. The continuum events are simulated with the KKMC
package [40, 41] using PYTHIA [39] for hadronization. We have MC samples of
900 fb=! BB’ and B+B- events, and 1,000 fb~! ¢g events. Another 100 fb~!
sample of BB events is used for the FEI training.
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Background B — D**¢~ v, and B — D**t~ v, MC
We prepare dedicated simulation samples for the B — D**/~v, and B — D**7~ U,
decays with D** — D® 1 or D** — D(*)n, which are not included in the generic MC
samples. One B mesons decays to D**{~ vy or D**7~ 7, and the other B meson decays
inclusively. The 7 lepton from B — D**7~ 7, decays inclusively. 10(3) million events
of B°B’ and BTB~ pairs each are generated for B — D**(~v, (B — D**77 ;)
decays.

Entries from both signal and background MC samples are scaled to the luminosity
of the collision data. For the dedicated MC samples with the exclusive B decays, the
equivalent luminosity, denoted as Eequiv(B — X)), is used for the scaling. The equivalent
luminosity is determined using the formula:

Ngp
O'B§2B(B—>X)’

»Cequiv(B — X) = (41)

where Ng5 represents the number of BB pairs generated in each dedicated MC sample,
05 is the cross section of BB pairs at the T(45) resonance in Table 4.2, and B(B — X)
denotes the branching fractions of B — X decays assumed in the simulation. Conse-
quently, entries from these dedicated MC samples are combined, taking into account the
reconstruction efficiencies.

Table 4.2: Cross sections of BB events in the generic MC.

Event type Cross section [nb]
BB’ 0.510
BTB~ 0.540

In our simulation, we have updated the branching fractions to reflect the latest values
from the HFLAV group [27] and the PDG [1]. We adopt isospin-averaged branching frac-
tions for B — X/~ 7, decays, where X, represents a charm meson. Table 4.3 details the
branching fractions for B — D*¢"v,, B — D**{" 7, and B — D**7~v,. The branching
fractions for hadronic B decays and 7 decays have also been updated with the values listed
in Table 4.4 and Table 4.5, respectively.

Additionally, our simulation incorporates parameterizations of the hadronic form fac-
tors based on HQET in order to model semileptonic B decays. Both the signal and nor-
malization decays utilize the Bernlochner-Ligeti-Papucci-Robinson-Xiong-Prim (BLPRXP)
form factor parameterization scheme, as detailed in Ref. [42]. For B — D**/~7, and
B — D**77 7, decays, we have adopted the Bernlochner-Ligeti-Robinson (BLR) parame-
terization [43, 44]. The parameters of these form factors have been updated to their latest
values by a software package for form factor reweighting, called Helicity Amplitude Module
for Matrix Element Reweighting (HAMMER) [45].
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Table 4.3: Isospin-averaged branching fractions of semileptonic B decay chains in the
simulation. The second column shows subsequent decay modes of resonant D** states.
The branching fractions used for the evaluation of the systematic uncertainty due to non-
resonant B — D® ¢~ 7, are in parentheses.

Branching fraction [1073]

Decay
B(B°) B(B™)
B — D'y 50.3 &+ 1.1 54.14 1.1
B — D17, Dy — Drr/D*m 6.16 & 1.01 6.63 & 1.09
D§ — Dr 3.90 +0.70 4.20 +£0.75
= D — Drr 0.29 4 0.29 0.3140.31
* )—7; 0
B=Dobve b | prorg 1.00 + 1.00 1.08 + 1.08
Dj — Dn 4.09 + 4.09 3.774+3.77
D} — D*r 3.90 4+ 0.84 4.20 +0.90
= D) — Drr 0.29 4+ 0.29 0.3140.31
B D/ —— 1
= Dt D} — D*rr 1.00 + 1.00 1.08 +1.08
D} — D*p 4.09 + 4.09 3.774+3.77
B — Dy, Di — DWr 2.7340.30 2.93 4+ 0.32
B— DK, — 0.30 £0.14
B — DKy, — 0.29 +0.19
B — Drl~ v, 0 (0.3£0.9) 0 (0.3£0.9)
B — D*rl~ v, 0 (-1.14+1.1) 0 (-1.14+1.1)
B — D177, Dy — Drr/D*m 0.52 4 0.52 0.56 & 0.56
Di — Dr 0.3340.33 0.36 4 0.36
B — Dy, D} — D*rr 0.1740.17 0.18 +0.18
D§ — Dn 0.3540.35 0.32 4 0.32
D} — D*r 0.3340.33 0.36 4 0.36
B — D7, D} — Drr 0.05 4 0.05 0.05 4 0.05
D} — D*n 0.35+0.35 0.32 4 0.32
B — Dit 7, D} — D% 0.23 +0.23 0.25 + 0.25
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Table 4.4: Branching fractions of hadronic B decays in the simulation, taken from the
PDG [1].

Branching fraction [1073]

Decay

B(BY) B(BT)
B — D*Dy 8.0+1.1 82+1.7
B — D*D:~ 17.7+14  17.1+24
B — D*D},~ 1.5+0.6 9.0+ 7.0
B — D*D.y~ 0.834+0.28 0.94 4 0.42
B - D*D K" 6.4+0.5 2.1+0.5
B — D*D*" K" 8.1+0.7 9.2+1.2
B — D*n~ 2.744+0.13 4.90+0.17
B — D*p~ 6.84+0.9 9.8 +1.7
B — D*n— " 8.2+0.5 —
B — D*aj 13.0 +£0.27 19+5
B — D*rtn—nn0 17.6 £ 2.7 1844
B— D'ttt nto—n— — 2.6 £0.4

Table 4.5: Branching fractions of leptonic 7 decays in the simulation.

Decay Branching fraction [%)]
T — € Uslg 17.82 £0.04
TT = WUy, 17.39 £0.04

4.2 Categorization of reconstructed events

In our simulation, we classify the reconstructed candidates into four main event categories
as follows:

1. Signal events
This category includes correctly reconstructed B — D*7 7, events. When B —
D*7~ 7, candidates accompany a misidentified lepton candidate from a 7 decay which
passes the requirement of the lepton identification, they are also considered as the
signal events.

2. Normalization events
Correctly reconstructed B — D*{~ 7, events are grouped under this category.

3. Background events with a correctly reconstructed D* candidate
In these events, a D* candidate is reconstructed correctly, but the decay of the By
meson is incorrectly reconstructed. They are further divided into three subcategories:
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(a) B — D™~ 1,
These semileptonic B decays B — D**{~ 1, are the primary contributors in this
background events. Missing daughter particles, like 7%, in the decays of excited
charm meson can result in a signal-like event topology with a higher missing
mass. B — D**77 7, events are also included in this subcategory.

(b) Hadronic B decays
The background events from hadronic B decays, predominantly B — D*Eg*),
B — D*D®K, and B — D*nr decays, are categorized in this subcategory.

(c) “Other” background events
This subcategory encompasses miscellaneous minor background contributions,
such as:

e BY & BT cross-feeds in semileptonic B decays, where the charge of Biag
is incorrectly assigned due to mis-reconstruction involving missing charged
particles.

e Cross-feed events within BB, where daughters of Biag and Bgjg are inter-
changed, with correct reconstructions of D* and £, but one of these particles
originating from Biag.

e Events from the continuum containing a correctly reconstructed D* candi-
date.

The first two components are predominant in these “other” background events.

4. Background events with a wrongly reconstructed D* candidate
This category is a dominant source of background in this measurement. In these
events, Bgj, decays are misreconstructed with a wrong D* candidate. The yields of
these events are adjusted and constrained using data from the side-band regions.

4.3 Reconstruction
4.3.1 Reconstruction of tag-side B meson

Candidate Bi,e mesons are reconstructed from tracks and photon clusters passing the
basic selections using tracking parameters and kinematics in Table 4.6. All tracks used to
reconstruct the tag-side B mesons must have absolute impact parameters, |dp| and |z,
less than 0.5 cm and 2.0 cm, respectively. Here, dy and zp are signed distances in the r-¢
plane and z coordinate, respectively, to the point of closest approach to the nominal beam
interaction point. The transverse momentum, pr, is above 0.1 GeV/c. Photon clusters are
selected with energy above 0.1 GeV in the CDC acceptance, —0.8660 < cosf < 0.9563.

Events must contain at least five tracks and at least three energy deposits in the ECL,
where the latter includes electromagnetic showers associated with charged tracks. Total
visible energy, defined as the sum of all the measured energy of the tracks and neutral
clusters, which are electromagnetic showers not associated with charged tracks, needs to
be larger than 4.0 GeV in an event. This selection can exclude events from two-photon
processes. We also require the ratio of the second to zeroth Fox-Wolfram moment [46], Ra,
to be less than 0.4. This selection can suppress gq events.
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Table 4.6: Requirements for the final state particles in the tag-side B reconstruction.

Particles Selections

Track  |do| < 0.5 cm, |2z9] < 2 cm, pp > 0.1 GeV /¢
Photons FE > 0.1 GeV, —0.8660 < cosf < 0.9563

We apply selections using My, and AE to By,g candidates. M, is the beam-constrained

E*, 2
Mm:W ae)-

where E7, _ is the measured collision energy in the c.m. frame. AFE is the energy difference

mass, defined by

2/62, (4.2)

= %k
thagc

from the half of the measured collision energy, AE = Egtag — B, . /2, where EEtag is the
c.m. energy of the By, candidate. The correctly reconstructed B mesons peak around the
nominal B meson mass and zero in the M. and AFE distributions, respectively. We set
selections for the By, candidates as M, > 5.27 GeV/c? and —0.15 < AE < 0.10 GeV.
Finally, we select the By, candidates with Prgr > 0.01. The efficiencies of the tag-side B
mesons are approximately 0.23% and 0.30% for B® and B candidates at a purity of 29%,
respectively [34].

4.3.2 Reconstruction of signal-side B meson

Selections applied to final state particles used for the signal-side B reconstruction are
summarized in Table 4.7 and the details are described as follows.

All tracks for signal-side B mesons are reconstructed with a selection of impact param-
eters, dr < 2 cm and |dz| < 4 cm. Here, dr and dz are signed distances in the 7-¢ plane and
z coordinate respectively to the point of closest approach to the measured beam interaction
point. The transverse momentum, pr, is required to be above 0.1 GeV /¢ with an exception
for low-momentum 7+ mesons arising from D** decays. Candidates of 7+ (K*) mesons
are selected with Prx) = EW(K)/(L',7r + L) > 0.1, where L) represents the likelihood of
7T (K1) calculated from SVD, CDC, TOP, ARICH, ECL, and KLM hits. We require that
the number of hits associated with a track in the CDC exceeds 20 to ensure adequate dE/dx
information for accurate identification. For electron and muon candidates, identification is
based on likelihood ratios: Pe(y) = Len)/(Le + Ly + La + Lk + Ly + Lg) > 0.9. These
likelihood values are constructed for electron, muon, pion, kaon, proton, and deuteron
with CDC, (TOP,) ARICH, ECL, and KLM information. For low-momentum 7+ mesons
from D*T decays, referred to as 7t

slow?
p > 0.05 GeV/c, and the 7 identification criterion is not applied in these cases.

we implement a lower momentum threshold of

All photon candidates must satisfy the following criteria: the number of cluster hits in
ECL, Nyt rcL, should be greater than 1.5, and the polar angle must fall within the CDC
and ECL acceptance ranges, which are 0.8536 < cosf < 0.9563, —0.6252 < cosf < 0.8462,
or —0.8660 < cosf < —0.6521. Additionally, the difference in cluster timing from the event
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Table 4.7: Requirements for the final state particles in the signal-side B reconstruction.

Particles Selections
o (KT) dr <2 cm, |dz] <4 cm, pp > 0.1 GeV/c,
Pw(K) > 0.1, Nypit,cpc > 20
Tr;l_ow dr <2 cm, |dz| <4 cm, p > 0.05 GeV/c
L dr <2 cm, |dz] < 4 cm, pp > 0.1 GeV/c,
e (n)

Pe(uy > 0.9
Niit gcr, > 1.5, |AT,| < 200 ns,
E, > 0.080 GeV  (0.8536 < cos < 0.9563),

7 (except for mioy) B 5 0.030 GeV  (—0.6252 < cosf < 0.8462),
| E, > 0.060 GeV  (~0.8660 < cos 6 < —0.6521)
Nuitgcr > 1.5, |AT,| < 200 ns,
(B, >0.025 GeV (0.8536 < cosf < 0.9563),
7 for o B, >0.025 GeV  (—0.6252 < cosf < 0.8462),
E, > 0.040 GeV  (—0.8660 < cosf < —0.6521)

0 0.120 < M0 < 0.145 GeV /c?
T ow 0.105 < Mo < 0.150 GeV /c?
Kg ksSelector: PKg > 0.90, Ppo_yero > 0.11

time tg, denoted as AT, should be less than 200 ns. This event time is measured by SVD
and ECL.

Neutral pion 7° candidates are reconstructed by combining two photon candidates for

0

the decay 7#° — 7. These candidates are required to have a mass between 0.120 and

0.145 GeV/c?. The ¥ mesons originating from D* decays, denoted as 74 are charac-

slow?
terized by low momentum, and we relax the photon energy selection criteria and broaden
the 7° mass range for those candidates as follows. The minimum energy threshold for pho-
ton candidates is set at 0.025 (0.040) GeV for the forward endcap and barrel (backward
endcap) regions, respectively. We accept TI'SIOW candidates with 7° mass between 0.105 and

0.150 GeV/c2.

Candidates for K g mesons are selected by employing a specialized multi-variate-analysis
tool, ksSelector, developed by the Belle IT Collaboration. A FastBDT classifier [33] is op-
timized to reconstruct Kg candidates from 777 ~. The classifier utilizes kinematics of the
Kg and its daughter pions, the flight length of K9, and the number of hits in PXD and
SVD as input variables. The classifier yields two Kg probabilities, referred to as PKg and

T~ combinatorial background and

Phro_yeto, discriminating correct Kg candidates from 7
A® baryon decays to pt7~, respectively. The criteria PKE% > 0.90 and Ppo_yeto > 0.11 are

imposed. These selection criteria achieve approximately 90% efficiency.
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Table 4.8: List of reconstructed D° and Dt decay modes.

Decay Branching fraction
DY - K—ntn0 (14.4 £ 0.6)%
DY - K-atag—nt (8.23 £0.14)%
D - Klntn— 0 (5.2 +£0.6)%
DY — K—nt (3.947 £ 0.030)%
D — Klrtn~ (2.80 £ 0.18)%
DY — K27Y (1.240 £ 0.020)%
D’ - K KT (0.408 £ 0.006) %
DY — g=rt (0.1454 £ 0.0024)%
Dt - K—rtat (9.38 £ 0.16)%
Dt — K™ (1.56 £ 0.03)%

Dt - K-K*txt  (0.968 +0.018)%

We reconstruct D mesons from the decay modes listed in Table 4.8. The D candidates
must have an invariant mass Mp between 1.80 and 1.90 GeV /c?. Candidate D* mesons are
reconstructed through D** — DOt D** — D79 and D*° — D0 decays. The mass
difference between reconstructed D* and D candidates, defined by AMp« = Mp+« — Mp,
are required to be within 0.100 < AMp« < 0.190 GeV/c2.

The signal-side B mesons are reconstructed by a D* and a lepton candidate. We form
the T(4S5) candidate by combining the tag-side and signal-side B mesons in the three sets
of charges: (Bp,,, Bgig), (Bl Bgig), and (Bt';g, Bg,)-

Particles in the ROE are reconstructed using selections listed in Table 4.9. We re-
quire no additional tracks in the ROE, which are searched with selections of dr < 5 cm,
|dz| < 10 cm, pt > 0.1 GeV /¢, and Npit cpc > 0. Additional photons are accepted in the
ROE and are summed as the extra energy in ECL, Ercr,. 7¥ candidates are also recon-
structed from the 70 — ~v decay. For those daughter photons, we require that the ratio
of energies in the central crystal, E7, to 3 x 3 crystals around the central crystal, Ey, is
larger than 0.4 in addition to the selection criteria used for 7% candidates from D decays.
Since the two photons are back-to-back in the 70 rest frame, we require daughter angles:
cos A~ > 0.5403 and cos A, > 0.6216, where A, and A, are differences of ¢ and
three-dimensional angles between two photons of 7° daughters in the laboratory frame,
respectively.

4.4 Selection optimization

After the primary reconstruction of the T(4S5), additional cuts are applied to further opti-
mize the selection. For the optimization, we maximize the figure of merit (FOM) defined
as a statistical significance of B — D*7~ 7, candidates in Eq. (4.3).

Nsig

/Nsig + Nokg

FOM = (4.3)
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Table 4.9: Requirements for the final state particles in the Rest of Event.

Particles Selections

|do| < 5 cm, |20| < 10 cm, pr > 0.1 GeV/c

Track
Nit,cpc > 0

NMuit.pcr > 1.5, [AT,| < 200 08, dipack—y > 20 cm,
E, > 0.080 GeV (0.8536 < cosf < 0.9563),

7 (except for Thop) E, >0.030 GeV  (—0.6252 < cos 6 < 0.8462),

E, > 0.060 GeV  (—0.8660 < cosf < —0.6521)

Nuitgor > 1.5, |AT,| < 200 ns, Ey/Eg > 0.4,

E, >0.120 GeV  (0.8536 < cosf < 0.9563),

7 for Mo E, > 0.030 GeV  (—0.6252 < cosf < 0.8462),
E, > 0.080 GeV  (—0.8660 < cos# < —0.6521)

0 0.112 < Mo < 0.142 GeV /c?
s
ROE cos Ag~, > 0.5403, cos A1), > 0.6216

where Ngg (Npkg) denotes the number of properly reconstructed (misreconstructed) B —
> 0.5 GeV/c2. Nyig includes the number of
correctly reconstructed B — D*¢~ 7, candidates.

D*t7v, candidates in the region of Miiss

The Egcr, quantity and the square of momentum transfer to the lepton system £~ 7y in
the signal B decays, ¢2, are required to be less than 2.0 GeV and larger than 4.0 (GeV/c)?,
respectively. The following selection criteria are optimized for candidates at this signal
region after these requirements.

Two selections are applied to reduce fake D* candidates, which are the largest back-
ground contribution in this analysis: Each event must contain less than 21 clusters, all of
which satisfy selections for the 7°; the positive y probability of the second vertex fit on
the signal B meson is required to allow only B candidates with a successful fit.

4.4.1 -~ selections

Additional requirements are applied to the photons used in the reconstruction of the D
or D* candidates. These requirements are optimized using simulation according to the
FOM. The selections for photons consist of two variables: the distance between the cluster
and the nearest track hitting the ECL, Apc, and output of a multi-variate analysis [47]
which employs the first eleven Zernike moments [48, 49] determined for each cluster, Zj.
The latter variable is originally developed to distinguish between clusters belonging to real
photons and those that result from Kgs. The selection is determined using a quadratic

(?2&)2 + (?)2 > 1.0. (4.4)

function:
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Table 4.10: Parameter values of the cut function Eq. 4.4 for v selections. Vpigh(1ow) denotes
either photons of 7¥ daughters with higher(lower) energy.

Parameter values

Candidates cluster region
X [cm] Y

Forward 85 0.65
Yhigh Barrel 85 0.60
Backward 85 0.55

7V daughters in D decays ackwat
Forward 85 0.45
Yow Barrel 85 0.45
Backward 40 0.65
Forward 70 0.45
Vhigh Barrel 70 0.30
Backward 60 0.45

7V daughters in D* decays ackwat
Forward 40 0.70
Yiow Barrel 40 0.40
Backward 85 0.20
Forward 85 0.55
D* daughter in D* — D% Barrel 85 0.40
Backward 50 0.55

The optimal values of X and Y are chosen depending on cluster regions or decay mothers
as listed in Table 4.10. For daughters from a 7° candidate, different criteria are adopted
between v candidates with the higher and lower energy.

4.4.2 79 selections

The 79 candidates from D®) should pass a selection using the difference of reconstructed
mass from the known 7% mass [1], | M0 — MTFF)ODG|. It is required to be within 1.20y/ , for 0
candidates from D mesons and 1.50y , for 7rglow candidates from D* mesons, respectively.
The resolution of reconstructed 7° mass o M_, is determined by fitting a double-sided single
Gaussian on correctly reconstructed 7° candidates in the simulation. Table 4.11 lists the
asymmetric oy, values given by the fits. The above 1.20) , and 1.50 , range of the
mass difference provide the highest FOM in simulation.The resulting 7° mass selections
are between 122.4 and 143.0 MeV/c? and between 118.3 and 147.3 MeV /c?, respectively.

The mass range corresponds to an efficiency of 94.0% (87.5%) for correctly reconstructed

0

7™ (79,,,) candidates.

Furthermore, the selection for the 7% candidates of the D daughter is also optimized
using the energy asymmetry between the two-photon daughters, which is defined as

E, —FE
Ap = —high low 4.5
= E’Yhigh + E’Y ( )

low
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Table 4.11: Fitted values of asymmetric os for 79 candidates in D®*) decays. OL(H)
denotes a Gaussian sigma for the lower and higher side from MEODG.

Candidates or [GeV/c? on [GeV/c?]

7% 1in D decays  (8.3940.03) x 1073 (5.3740.07) x 1073
in D* decays (13.9+£0.1) x 1072 (10.0£0.3) x 1073

0
Tslow

where FE.

Thigh(low)
tion A, < 0.65 allows for a higher FOM without significant efficiency loss for signal and

represents energy of the photon with the higher(lower) energy. The selec-

normalization decays.

4.4.3 Kg selections

Candidate Kg mesons are reconstructed in their Kg — 77t decays. We employ a
FastBDT classifier [33] to discriminate K2 candidates from 77~ combinatorial back-
ground and A° baryon decays to pr—. The classifier returns two Kg probabilities, referred
to as PKg and Ppo_yeto, Tespectively, utilizing the kinematic properties of the Kg and its
daughter pions, the flight length of the K9, and the number of hits in PXD and SVD as
input variables. We require PKg > 0.90 and Ppo_yeto > 0.11. In addition, the reconstructed
K g invariant mass is required to be between 0.4768 and 0.5146 GeV /c? and its flight length
from the IP less than 5.0 cm. The selection criteria for Kg candidates have an efficiency
of approximately 90%.

4.4.4 D selections

Mode-dependent mass cuts in terms of o are applied on Mp and AMp« for each decay
chain involving a D* or D candidate as shown in Table 4.12. Here o refers to the width of
the Mp or AMp- distribution for each decay mode. We require the masses of 7% and Kg
from D mesons to be the known values [1] for reconstruction of Mp~ while we do not apply
any mass constraints in the calculation of Mp. These cuts have been chosen such that the
highest FOM can be achieved. A limit of 5¢ is set as the maximum value when searching
the optimal FOM. The size of ¢ for each Mp and AMp- is determined asymmetrically by
fitting a single double-sided Gaussian function on these mass distributions in simulation.
The mean of the Gaussian is fixed at the known mass (difference) value [1]. The left- and
right-hand sigmas of the Gaussian function, represented as o1, and oR, respectively, are
obtained as listed in Table 4.13.

4.5 Best candidate selection

There are multiple T(4S) candidates from an event after the selection. The best candi-
date in each event is identified by selecting only one candidate through the following five
selections:

1. Biag probability selection
Candidates with the highest B, probability are kept, while the other candidates are
discarded.
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Table 4.12: Selected mass ranges on Mp and AMp~ distributions.

D* decays D decays Mp AMps«
DY - K—xtx0 2.90 4.40
DY 5 K—ntr—nt 3.1c 5.00
DY — Kgﬁr*w?ro 3.30 4.70

. 0 DY — K-mt 5.00 5.0
D= DI po L KOrta 500 500
DY — K27Y 240 5.00

DY - K~K* 220 5.00

DY = gtp~ 3.1 290

Dt - K—ntgt 2.80 2.80
Dt — ng+7ro 2.80 2.00
Dt 5 K 7ntntz0 18 220

Dy Dty Dt - K)rtr—nt 210 330
m

Dt — Kont 500 2.60
Dt - K-K*nt 350 1.00
Dt — KK 140 2.00
DY - K—7ntn0 2.20 1.80

DY > K—ntr—nt 3.00 220
DY — ngﬂ+7r_7['0 1.90 1.60

0 0o D= Kt 500 230
DE= D po L KOrta 400 6o
DY — Kgnro 1.90 1.90

D’ - KK+ 1.90  3.00

DO — rtn l4o0 150

DY —» K—ntn0 1.80 120

D’ - K—rtn—nt 240 120

D’ - Klrtn—n® 160 1llo

+0 DY — Kt 370 1llo
DESD po Kontne 280 120
DY — K3n® 1.80  1l.lo

D - K-K* 1.6c  1.60

DY — gt 140 070
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2.

3.

Table 4.13: Mp and AMp« resolutions.

D™ decays oL [MeV/c? oy [MeV/c?]
DY —» K—ntn0 16.9 10.6
DY - K—ntr—nt 10.3 7.44
DY — Kintn—n® 12.7 8.35
DY - K—nt 9.71 6.32
DY — Kdntn 7.30 4.86
DY — K%n® 23.2 13.1
DY 5 K~ K+ 6.51 5.61
DO — gt~ 5.89 5.03
Dt - K—ntgt 6.61 5.72
DT — K3ntn0 15.5 9.97
Dt —» K ntratg0 134 9.11
DT — Kdntnnt 5.48 4.58
Dt — K2rt 5.15 4.37
Dt - K~ K*trnt 4.80 4.33
DT — KYK™ 3.53 3.57
D*t — DOrt 0.625 0.763
D*t — DT 70 1.04 1.29
D*0 — D70 1.18 1.46
D*0 — DOy 9.94 7.02

D* mode selection

Only candidates of the D** — D% mode exclusively retained when the neutral
By candidates are reconstructed through both D*T — D%t and D*T — D*tx0
modes. This selection is based on their cross-feed rates between D** — DOzt and
D*t — DTx0.

D* candidate selection

e For the D** — D%t mode, candidates with the highest x? probability from
the second vertex fit are selected.

e For the other D* modes, candidates with the lowest x?(Mo) for 73, mass from
D* decays are chosen. This selection uses
Mo — MPDG 2
e = M) (1.6

2
g
M o

where MYPS is the known ¥ mass [1], and on,, is the resolution of Myo. The
value of oy, is determined by fitting a single double-sided Gaussian function
to the Mo distribution of correctly reconstructed 7° candidates in simulation.
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Table 4.14: Expected yields for each event categories and D* modes at 189.26 fb~! in
simulation after all the selections. The SM R(D*) value of 0.254 is assumed for the yields
of B — D*r~7,. The uncertainties are only statistical.

Expected yields in MC
Event category

D*t = DOx+ D*t 5 Dtg0 D0y D00

1. Signal events 479+04 7.3£0.1 476+04
2. Normalization events 1041.0 £ 11.2 133.2+4.3 927.2 +10.7
3. Background events with a correct D*
(a) B — D*("v 61.6 £ 2.2 9.0+0.9 46.0 £ 2.0
(b) Hadronic B decay 38.8+2.1 4.54+0.8 21.5+1.6
(c) “Other” background events 124+1.1 1.9+£0.5 6.7+0.9
4. Background events with a fake D* 160.7 £ 5.2 276 £1.7 251.5+4.8

4. D branching fraction selection
Preference is given only to candidates reconstructed from a single D mode with the
highest branching fractions.

5. Random selection
For any remaining candidates, a random selection process is applied.

Through this approach, we systematically select the most promising candidate in each
event.

4.6 Expected yields in simulation

Table 4.14 summarizes the yields of candidates that pass all selections predicted in simula-
tion at 189.26 fb~!. Figure 4.1 displays the expected two-dimensional total distributions of
FEgcr, and Miiss. Figures 4.2 to 4.4 present one-dimensional projections of these expected

MC distributions to Egcy, or M2

“iss- Calibration procedures outlined in Section 5 have
been applied to these simulated results. For the expected number of B — D*7~ ¥, decays,
we have adopted a R(D*) value of 0.254. Tables 4.15 and 4.16 provide detailed breakdowns

of yields in the categories of signal events and “other” background events.
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Figure 4.1: Expected two-dimensional distributions of Egcr, and M2, from (a) D*T —
Dzt (b) D*T — D*7% and (c) D** — D% in simulation. The figures in the plots are

the number of entries in a bin.
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Table 4.15: Breakdown of expected yields in the category of the signal events at
189.26 fb~! in simulation. The SM R(D*) value of 0.254 is assumed for yields of

B — D*t~7,. The uncertainties are only statistical.

D*t — DYxt  D*t 5 Dtg0  pD*0 5 OO

Correctly reconstructed signal events 44.9+0.3 6.9+0.1 44.6 £0.4
Signal events with a misidentified lepton 3.0£0.1 0.54+0.0 3.1£0.1
Total 47.94+0.4 7.3+0.1 476 +0.4

Table 4.16: Breakdown of expected yields in the category of the “other” background

events at 189.26 fb~! in the simulation. The uncertainties are only statistical.

D*t — D%t D*t — Dtx0

D*0 — pOg0

B < BT cross feed 8.8+0.9 1.6+ 0.4 43+0.7
“Other” BB background events 22+04 0.3+0.1 1.5+0.3
Continuum events 1.54+0.5 0.0£0.0 0.9+0.3
Total 1244+1.1 1.94+0.5 6.7+0.9
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5 Calibration for simulation

This section summarizes the calibration for simulation. The calibration procedures from
Sections 77 adopt correction factors officially provided by the Belle II collaboration. Cali-
bration procedures from Sections ?? are developed specifically for this R(D*) measurement.

5.1 DBy, reconstruction efficiency correction

The hadronic FEI algorithm is trained using simulation. Since there are imperfections in the
simulation, it induces differences in the performance of the FEI algorithm between the data
and the simulation. To rectify these discrepancies, we correct the reconstruction efficiencies
of the tag-side B mesons of hadronic decays using inclusive semi-leptonic B decays B —
X0~ vy on the signal side [34]. By comparing the yields between data and simulation, the
correction factors are derived individually for neutral and charged B mesons, and also
separated by a lepton flavor of the semileptonic B decay final state, an electron or muon.
The obtained values are listed in Table 5.1. These correction factors are applied to all
simulation events. The correction factors of B — Xe 7, and B — Xu~ v, are used for
B candidates reconstructed with an electron and muon candidate, respectively.

Table 5.1: Correction factors on the efficiency of the tag-side B mesons reconstructed
through the FEI algorithm.

Correction factor

B— Xe v, B-— Xp vy,

Neutral By,  0.710 £0.023 0.673 £0.025
Charged Biae 0.686 +0.021  0.650 £ 0.024

5.2 Tracking correction
5.2.1 Tracking efficiency correction

The efficiency of tracks with momentum ranging from 0.2 to 3.5 GeV /¢ are assesed using
e~et — 7777 events, where one 7 decays leptonically and the other 7 decays hadronically
into three charged pions. These 7-pair events comprise four tracks in total. Out of them, a
lepton candidate and two pion candidates are reconstructed so that the sum of the charges
is £1. The efficiency of track reconstruction is then evaluated using the remaining track,
which has a charge of F1. All the efficiencies are observed to be consistent between data
and simulation as functions of transverse momentum, polar angle, and azimuthal angle,
respectively. As a result, we do not implement any corrections but assign a systematic
uncertainty of 0.3% to the reconstruction efficiencies for tracks above 0.2 GeV/c. This
uncertainty is predominantly due to the charge asymmetry in the efficiencies.

For tracks with low momentum, below 0.2 GeV /¢, the efficiencies are validated using

B — D*"r~ decays. In these decays, D** candidates are reconstructed through DOW;FOW
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Table 5.2: Correction factors for efficiencies of low-momentum tracks.

Momentum [GeV /(] Correction factor
[0.05, 0.12] 0.909 £ 0.038
[0.12, 0.16] 1.033 £ 0.034
[0.16, 0.20] 0.971 £0.034
[0.20, 0.32] 1.000 (normalization)

decay, with Tr;’OW typically being low-momentum. The 71':1_0W candidates within the mo-

mentum range of 0.05 to 0.32 GeV/c are selected for this validation. The DY candidates
are reconstructed from three decay modes: K7+, K~ ntx~ 7T, and Kgﬁ+7r_. The AE
distributions are fitted to count reconstructed B candidates across four momentum regions

+
of T3 -
yield ratio of the data to the simulation and are normalized to the ratio at the highest =

The correction factors for low-momentum tracking efficiency are calculated as the
+

slow
momentum bin, from 0.20 to 0.32 GeV /c. This approach presupposes an absolute efficiency

of unity in the highest momentum bin based on the measurement above 0.2 GeV/c using
the e"e™ — 7777 events. The resulting relative efficiencies, serving as correction factors,
are listed in Table 5.2. These factors are applied as weights to the low-momentum tracks
in the simulation.

5.2.2 Momentum scale correction

We have identified imperfections in the magnetic field map utilized for data processing,
leading to shifts in the momentum of reconstructed tracks. These momentum shifts are
quantified using control channels involving a decay chain of D** — D%zt and D° —
K~nF. For this evaluation, we have tagged D" candidates using a D*" candidate that
satisfies AMp+ between +1.5 MeV /c? from the nominal mass difference between D** and
D? in the PDG [1]. To align the reconstructed mass peak of the D candidates with
the PDG mass, we apply a common global scale factor to the reconstructed momenta of
all DY daughter particles. This scale factor is determined to be 0.99971 and it is cross-
verified using the decay channels, D° - K~ rtn~nt, DY — K—ntxt, J/¢p — putp~, and
K g — T, Consequently, we adjust the magnitude of momenta for all tracks in the data
by applying this common global scale factor.

5.3 Efficiency correction for particle reconstruction

5.3.1 Lepton identification efficiency

In order to correct the efficiencies and fake rates of lepton identification between data and
MC, we use correction tables that describe dependencies on momentum and polar angle.
5.3.2 K7 and 7T identification efficiency

The pion and kaon ID efficiencies and the difference between data and MC are corrected
based on correction tables. The correction is applied depending on the momentum and
polar angle of the tracks.
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Table 5.3: Correction factors on 7° reconstruction efficiency.

Momentum range Correction factor

[GeV/¢] 0w from D* decays 70 from D decays

[0.05, 0.2] 1.000 £ 0.074 —

[0.2, 0.4] 0.978 +0.046 0.960 4+ 0.061
[0.4, 0.6] 0.985 4+ 0.041 0.985 4+ 0.042
[0.6, 0.8] 1.030 £ 0.052 1.032 £+ 0.053
[0.8, 1.0] 1.038 £ 0.045 1.033 + 0.042
[1.0, 1.5] 1.056 + 0.050 1.052 £ 0.047
[1.5, 2.0] 1.050 £ 0.050 1.060 + 0.047
[2.0, 3.0] 1.032 + 0.060 1.023 £ 0.048

5.3.3 70 reconstruction efficiency

We adopt correction factors for efficiencies of 7° candidates depending on their momentum,

0
slow

as listed in Table 5.3. Different factors are applied to 7 candidates from D* decays and

70 candidates from D decays.

5.4 Branching fraction correction of D decays

There are inconsistencies between the branching fractions of D decays implemented in the
Belle IT simulation and the corresponding world average reported by PDG [1]. To align
the branching fractions with the average, we have derived correction factors by comparing
the generated number of events in the simulation of 100 fb~!, denoted as Ngen, with the
expected number of events based on the PDG values, Nppg. This calibration approach
allows for the correction of branching fractions for D decays via intermediate states, such
as p and K*, inclusively. The correction factors are calculated as a ratio of Nppg to
Ngen. The events are counted in a decay chain of B = D**0~1,, followed by the decays
D*t — DOt and D*t — DTV for the neutral and charged D modes, respectively. The
values of Nppg for each DY and D decay are computed using Eq. (5.1) and Eq. (5.2),
respectively. In these calculations, the branching fractions of D decay, B(D%* — X), refer
to the PDG, while the other branching fractions, B = D*t¢~v,, D** — D70 and
D*t — DOzt are taken from the values used in our simulation.

N5 - 2B(B° — D* 1) - B(D*T — DOxt)E . B(D® — X)), (5.1)

Nppa(D° — X) = { —0 _

2Ng5 - 2B(B° — D* 0 p,)s" . B(D*" — DT r)8m . B(DT — X). (5.2)
Here, B#" represents the branching fractions in the simulation, and Nz denotes the
number of BB events. The counted numbers and the derived correction factors for each of
the D decays are listed in Table 5.4. These factors are applied to simulation events that
include a correctly reconstructed D candidate.

-39 —



Table 5.4: Correction factors for branching fractions of D decays.

Decay Ngen [10%]  Nppg [10%]  Correction factor
DY —» K—ntn0 1,016 1,086 0.936
DY - K—ntn—nt 580.8 690.4 0.841
DY — Kdntn—n® 253.6 438.4 0.578
DY - K—nt 278.8 279.6 0.997
D — Klrtn~ 136.5 147.5 0.926
DY — K3 60.47 64.20 0.942
DY - KK+ 28.80 28.88 0.997
DY — ntp~ 10.27 10.22 1.005
Dt - K—ntrnt 300.2 297.4 1.009
DT — K3n™ 34.54 36.96 0.935
Dt - K- K*trnt 30.98 31.50 0.984

5.5 Calibration of the Mp and AMp« selection range

The mass resolution of D®) mesons is known to be different between data and simulation,
which is attributable to imperfections in the simulation of the detector responses. To
address this, we scale the range of Mp and AMp- by a correction factor, rrange, for each
D™ mode. This eventually calibrates the signal yields of D*) candidates in the data. The
correction factors are determined through fits on Mp and AMp~« distributions. For this
calibration, we prepare samples with all selections except for the Mp or AMp-« selections.

Table 5.5 and Table 5.6 detail the functions employed to model the signal and back-
ground distributions for the individual D and D* modes. The shape parameters of these
functions for signal (background) are determined from simulations using correctly recon-
structed (fake) D* candidates. To define the signal shapes, we use bins with percentile
from 0.5% to 99.5% in the Mp and AMp-« distributions. It minimizes the shape distortion
from the distribution tails. In these signal models, the mean of either the triple Gaussian
or the Crystal Ball function is anchored to the known masses [1].

The fake D* candidates exhibit a notable peaking structure in the AMp+ distributions.
Therefore, we combine components of the peaking and the smooth backgrounds. The shape
of the smooth background component is initially fixed using only the AMp+ sideband
regions defined in Table 5.7 for each D* mode. The modeling function for this component
is given by the threshold function in Eq. (5.3):

f(AMp-|MEPS A B, C)
AMp. — MFPPC AMp-\? AMp-
= (1 — exp (— I )) X (M,EDG) +C (M}:DG — 1> . (5.3)

Here MPPG represents the known mass of a charged (neutral) pion for D* — D07
(D*T — D*7% and D*° — D%z0) [1], while A, B, and C are shape parameters refined
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Table 5.5: Modeling functions of the Mp distributions. A crystal ball function is allowed
to have asymmetric tails.

Decays Signal Background

D decays with ¥ Triple Gaussian 1st Chebychev
D decays without 7° Crystal ball + double Gaussian 1st Chebychev

Table 5.6: Modeling functions on AM p«

Background

D* decays Signal
Peaking Smooth

D* — D%t Triple Gaussian Double Gaussian Threshold function
D* — Dtr® Triple Gaussian Double Gaussian Threshold function
D* — D79 Triple Gaussian Double Gaussian Threshold function

Table 5.7: AMp~ sideband regions.

Decay AMp- sideband region [GeV /c?]

D*T — D%t 0.140 < AMp~ < 0.141, 0.155 < AMp- < 0.170
D*t — Dtx0 0135 < AMp+ < 0.137, 0.150 < AMp~ < 0.170
D* — D70 0.140 < AMp~ < 0.141, 0.150 < AMp- < 0.170

using the fake D* candidates in simulation. Subsequently, a shape of the peaking back-
ground component is fitted to fake D* candidates on top of the pre-fixed shape of the
smooth background component across the entire AMp+ range. For this peaking back-
ground component, the mean of one of a double Gaussian is fixed to AMp« in the PDG.
The observed peaking backgrounds are found to be mainly induced by the signal and nor-
malization events. These peaking backgrounds contain a correctly reconstructed charged
particle that is recognized as a fake candidate due to a software failure in its identification
to the corresponding generated particle or 7° candidates reconstructed with a photon from
beam-induced backgrounds or hadronic showers. The uncertainty of this treatment for the
peaking backgrounds is assigned as a systematic uncertainty described in Section 9.

The sum of the signal and background components are fitted on total Mp or AMp-+
distributions to deduce a global resolution factor, denoted as R and RM for data and
simulation, respectively. The global resolution factor is multiplied commonly to all os
of Gaussian functions for both the signal and peaking background components. It thus
adjusts the mass resolution of their peak shapes as determined by the fits. Figures 5.1 and
5.2 illustrate the fit results of the Mp and AMp- distributions for D° — K~ 770 and
D*Y — DO%* modes, respectively. Figure 5.3 compares those fit results between the data
and the simulation at the same normalization. The correction factors are computed as
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Figure 5.1: Fit results of the Mp distributions for D° — K~ 777% in (a) the data and
(b) the simulation. The blue lines are the total fit functions as the sum of the signal and
background components shown by the red and light blue lines.

MC

the ratio of these global resolution factors, defined as ryange = BRI/ RMC,

res

The resulting
factors for Mp and AMp- are shown in Figures 5.4 and 5.5, respectively. The 7;ange ratios
are then employed to adjust the selection windows for the signal region in the data, labeled
as Amgia. This calibration is achieved by scaling the signal window range determined in

the simulation, Am3k, through Eq. (5.4).

SR SR
ATn’da‘ca = A7nMC * Trange (54)

5.6 Fake D* yield correction

Following the calibration of the selection range of Mp and AMp«, we calibrate the yields
of fake D* components. In the sideband regions of AMp« specified in Table 5.7, which
are dominated by the fake D* candidates. The fake D* yields are extracted by fitting
the AMp« distributions. The fitting incorporates the same modeling functions for the
smooth background component in Eq. (5.3). These function shapes are determined with
simulation.

Fit results for D*® — D970 in the AMp- sideband regions are illustrated in Figure 5.6.
All the fit results are shown in Appendix 11. The correction factors are computed as the
data-simulation ratios of the yields, as presented in Figure 5.7. These correction factors are
applied to constrain the fake D* yield in the signal region for the R(D*) fit. Specifically for
the D** — D920 mode, we observe a slight dependence of the correction factor on Méiss.
To accommodate the dependency, the calibration are segmented into three M2.  intervals:

[—2,1), [1,5), and [5,10] (GeV/c?)2. miss
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Figure 5.2: Fit results of the AMp- distributions for D** — D% in (a) the data and (b)
the simulation. The blue lines are the total fit functions as the sum of the signal, peaking
background, and smooth background components shown by the red, green, and light blue
lines.
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Figure 5.3: Comparison of fit results of (a) the Mp and (b) AMp-~ distributions for
DY — K7tz and D*® — DY70 between the data (black points) and the simulation
(blue open points), respectively. The number of entries from the simulation is normalized
to that of the data.
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Figure 5.5: Correction factors rrange on the selection windows of the AMp- signal region.
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5.7 Shape correction for fit variables

The region M?2

miss

< 1 (GeV/c?)? is partially opened to calibrate the simulation, involving
corrections to distributions of the final fit variables. This specific region is primarily popu-
lated by the normalization events and fake D* background events from B — D*/~7,. Two
corrections are made with this region: background photon corrections in the ROE as Egcry,

correction, and M?2. . resolution correction.

miss

5.7.1 FEgcr correction for background clusters

Significant discrepancies are observed in the FEgcr, distributions between the data and the
simulation, particularly in the D** — DT mode, as illustrated in Figure 5.8. Differences
are noted in the distributions of energy and multiplicity of photons in the ROE between
the data and the simulation. The discrepancy is more significant in the low-energy regions,
where photons induced by beam background and hadronic split-off showers predominantly
distribute. We apply background photon corrections by shifting the energy of each of these
clusters in two steps:

1. Beam-induced background photons
The Ercr, distributions are analyzed by dividing the data set into two distinct data-
taking periods before and after noon of April 16th, 2021 (JST), as shown in Figure 5.9.
A more pronounced discrepancy is found in the earlier run period, where the condition
of beam-induced background is less severe. These discrepancies are thought to arise
from variations in the beam background across different run periods, which are not
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Figure 5.7: Correction factors for fake D* yields. The correction factors evaluated in the
full M2 -dependent factors for D*0 — D079
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are in the bottom panel. The gray band is 1o region of the overall factor for D*® — D79,

region are shown in the top panel. The M2

miss

accounted for in our simulation. The remaining discrepancies are attributed to the
modeling of photons from the hadronic split-off showers in the simulation.

2. Photons produced by hadronic interactions in ECL

To address the remaining discrepancies, the energy of each photon cluster from
hadronic split-off showers is reduced by a certain amount. If the reduced energy falls
below the polar-angle-dependent energy selection criteria for photons in the ROE,
the clusters is discarded. We vary the energy shift for each cluster from 0.0 MeV
to —30 MeV. The energy shift alters the Egcr, distribution, as demonstrated in
Figure 5.10. The optimal energy shift is determined based on the x? of the Egcr,
distributions. The x? and Ax? values in different energy shifts are presented in Fig-
ure 5.11. We adopt —15 MeV for a nominal energy shift, around which the summed
x? value of three D* modes is minimized.

Other potential sources contributing to the discrepancy in the Egcr, distributions are in-
vestigated, but none of them provide a reasonable explanation. Details are discussed in

Appendix 11.
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Figure 5.9: Comparison of the Fgcy, distributions between data and simulation in (a)—
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panel shows the pull values of the data to the simulation. Shaded regions correspond to
the statistical uncertainty of the simulation.

47 —




500 [ Belle Il Simulation oo
s | [Lot=0000" 041ev
) [ ) b2 06 MeV
@ 400 M < 1.0 (GeV/c?) 08 MeV
> E -10 MeV
o g 12 MeV
: 300 -14 MeV
g N —— 16 MeV
= ——— I8MeV
g 200 - = —— 20 MeV
5 X = — 2Mev
= L — 24Mev
[ -
(@] [ —— 26 MeV
100 [ - — 28Mev
N — —— 30MeV
O‘H‘\H‘\H‘\‘Tm—y—v—__\..‘m‘m“m“
0 02040608 1 121416 18 2
Eco [GeV]
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5.7.2 My resoution correction

Figure 5.13 displays the M2, = distributions of the neutral and charged B modes in the
region |M2 | < 0.5 (GeV/c?)2. The peak widths show slight differences between the data
and the simulation. These differences in resolution primarily result from the beam energy
spread in the data, which is not simulated in the simulation where the beam collision
energy is fixed at the nominal value of 10.58 GeV in the c.m. frame. We evaluate the

M?2.  resolution by fitting the peak of B — D*¢~7, decays in the MI%I

s distributions.

iss
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Figure 5.12: Comparison of the Egcr, distributions between data and simulation for
(a) D*T — DYt (a) D*" — D*x% and (¢) D*® — D%, The black points are the
data. The red (gray) histograms are the distributions after (before) the background cluster
corrections in the simulation. The energy shift uses the nominal value of —15 MeV. The
bottom panel shows the pull values of the data to the simulation. The rectangle-shaded
regions illustrate the statistical uncertainty of the simulation.

Triple and double Gaussian functions are used to model the signal B — D*/~7, and
background components in the fit, respectively. Their shapes are determined using the
simulation. The mean of one of the multiple Gaussian functions is fixed to 0.0 (GeV/c?)?,

representing the expected Mi value, equivalent to a squared mass of a neutrino. The

iss
signal shape determination uses only the candidates in the central region from 0.5% to
99.5% of the cumulative ratio in |[M2,| < 0.5 (GeV/c?)2. Figures 5.14 and 5.15 illustrate
the determined shapes for the signal and background components, respectively. A global

resolution factor, referred to as R?:sta(Mc), is floated in the fit for the data (the simulation)
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Figure 5.13: Comparison of the M2, distributions between the data and the simulation

for (a) the neutral and (a) charged B modes in the region |M2 .| < 0.5 (GeV/c?)2.

Table 5.8: Smearing factors for the Mﬁl resolution.

iss

Decay Smearing factor [(GeV/c?)?]
Neutral B 0.06170013
Charged B 0.0601092%

so that it scales o of the Gaussian functions. These global resolution factors are common

to both components of signal and background components in the fit. The factors are

determined for each of the neutral and charged B modes. Figures 5.16 and 5.17 show
the fit results in the data and the simulation, respectively, while Figure 5.18 compares
M2

these fit results. Figure 5.19 displays the ratios of the M?, . resolution factors, which are

Rdata/RMC'

el res - The resolution in the original simulation, represented as

calculated as Ryes =

MC

miss

function in the triple Gaussian function of the signal B — D*/~7, component. The an

, is defined as an average resolution weighted by yield compositions of the Gaussian

iss
in simulation is smeared event-by-event by smearing factors, Ac,,;2 , which are obtained
from Eq. (5.5) and are listed in Table 5.8.

M

A0M2 . "\ 1268 - ]. (55)
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Figure 5.14: Fit results of the Mgliss peaks with correctly reconstructed candidates of B —
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B modes in simulation, respectively.
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6 Validation

We validate the simulation, where the corrections in Section 5 are applied, using sideband
data. We employ four sideband regions for this validation: ¢2, N”%OE’ My, and AMp«.
Agreement with the data for observables listed in Table 6.1 is evaluated. These sideband
data allow us to evaluate the detector responses and the background modeling in simulation.
The goodness of the fit is estimated with p-values through x? tests in one-dimensional
distributions. The p-values are calculated based on a method to compare weighted and
unweighted histograms in Ref. [50]. The p-values generally hold more than 5%. Thus,
we find sufficient agreement between data and simulation. Detailed discussions for each
sideband data are presented in Sections 6.1 to 6.4. Except where specifically mentioned,
the simulation is normalized by the luminosity in this section.

Furthermore, we validate the reconstruction efficiencies and distribution shapes of
<1 (GeV/c?)?, where the signal
events are suppressed, and the normalization events are predominant. All distributions of

kinematic observables using the data in a range of Miiss
the kinematic variables demonstrate good agreement between the data and the simulation
according to the x? tests. The results of this validation are detailed in Section 6.5.

Table 6.1: Test observables for the validation of the simulation with sideband data and

data in the range M2, <1 (GeV/c?)?. Efqy is defined by Egcr — Y. E o

miss TROE
Region Test observables Major process
¢? sideband region Egcr, Miiss B — D*(~ 7, events
. . 2 Y I
NW% o sideband region  Egpcr, M3 Erer B — D**{~ v, events

Background events associated with
M, sideband region M., Fxcr,, M2, )
be & ber ZECLy HMmiss incorrectly reconstructed Biag

AMp- sideband region FErcr,, M? Fake D* events

miss

2 = % — %
<1 (GeV/c?)? ¢ 1p-1, 1Py’ B — D*(~ v, events

M2
_ q .
Pt |5 1P, 1 [Pk

miss

6.1 Validation in ¢? side-band region

The ¢? sideband region is defined by ¢*> < 3.5 (GeV/c)?, where B — D*/~7; decays

are dominant. The distribution shapes of the fitting observables, Ercr, and Mi are

iss?
validated. Figure 6.1 compares the distribution shapes of the simulation with those of the
data for Fgcy, and M?

miss
to match those of the data. Their y? values and corresponding p-values are evaluated
in the ranges 0.0 < FrcL < 0.8 GeV and —1.0 £ M2, < 1.0 (GeV/c?)? and listed in

miss
Table 6.2. All the p-values exceed 5%, demonstrating good agreement between the data

in the ¢? sideband region. The yields of the simulation are scaled

and the simulation.
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Figure 6.1: Comparison of (a)-(c) Egcr and (d)—(f) M2, distributions between data
and simulation in the ¢? sideband region. D** — DOzt (left), D** — D*7% (middle),
and D** — D0 modes (right) are shown. The yields of the simulation are normalized to

those of the data.

Table 6.2: Results of statistical tests for Egcy, and anﬂ distributions in the ¢? sideband
region. The simulation is compared with the sideband data in ranges of [0.0,0.8] GeV
and [—1.0,1.0] (GeV/c?)?, respectively. Only statistical uncertainties of the data and the

simulation are considered in the evaluation.

iss

x? (p-value [%])

D*t — DO+ D*0 s Dtg0 POy pOg0

Observable NDF

. . 3.68 5.40 8.62
BeL (81.6) (61.1) (28.1)
2.63 0.893 1.40

‘7\4rniss2 3

(45.3) (82.7) (70.5)
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6.2 Validation in N,o = side-band region

The NW% on sideband region is used to validate background events from B — D**{~7,
decays. Especially, since semileptonic B decays to some of the D** excited states have not
yet been observed, data-driven validation is crucial. The B — D**¢~ 7, background decays
are enhanced by reconstructing an additional 7° candidate produced in D** — D*nx
decays. Therefore, at least one W%OE is required in addition to the reconstructed BB pair
in the Nﬂ%OE sideband region, or Nﬂ%ox»: = 1. Figure 6.2 compares the simulation with
the data for Fgrcr, and Mr%l
as Fpcp minus the energy sum of W%OE candidates, as shown in Figure 6.3. Their y?

iss

in the Npo  sideband region. Efy, is also utilized, defined
values and corresponding p-values are evaluated in the ranges 0.0 < Egcr, < 2.0 GeV,
1.0 £ M2, < 5.0 (GeV/c?)?, and 0.0 £ B < 0.8 GeV, and listed in Table 6.3.
The Fgcr, distributions of the D** — D720 and D** — D%° modes, and the Miiss
distribution for the D** — D% mode, yield low p-values. The other p-values indicate
good agreement between data and simulation, exceeding 5%.

For D** — D770, the x? values of the Egcr, and M2

large, which result in small p-values. Nevertheless, when the y? tests are conducted using

i distribution are abnormally
histograms with a broader bin widths, as shown in Figure 6.4, the x? values become 4.71
for the five bins in the range 0.0 £ Fgcr, £ 2.0 GeV and 0.138 for the two bins in the range
of 1.0 < M?

miss

< 7.0 (GeV/c?)?. Consequently, the p-value increases significantly to 31.9%
and 70.1%. Therefore, low p-values could be attributed to the small number of entries in
the bins.

In the D*® — D970 mode, the p-value obtained from the x? test with a broader bin
width recovers only up to 3.2% in Figure 6.5. However, it is observed that the systematic
uncertainty associated with the fake photon corrections can adequately explain the dis-
crepancy seen in this mode. The energy shifts for the fake photon corrections are varied
from —30 to 0.0 MeV in the simulation, and the resulting y? values for the Frcy, distri-
butions are then evaluated. The results of these variations, presented in Figure 6.6, show
that the uncertainty range for the fake photon corrections, specifically —24 to —8.0 MeV
in energy shifts, covers p-values above 5%. This indicates that the systematic uncertainty
sufficiently accounts for the observed discrepancy. Consequently, this ensures the adequacy
of the simulation in modeling the shape of the Ercy, distribution for B — D**(~ 7, events
in this D* mode.

The B — D**{~ v, decays dominate the region of 1.0 < M2, < 5.0 (GeV/c?)2.
The x? values and corresponding p-values are additionally evaluated in this B — D**{~7,-
enhanced M?

iss Tegions with the Nﬂ% on sideband data. Figure 6.7 compares the simulation

with the data for Fgrcr, and E’ECL in the N“%o,a sideband region. They are evaluated in
ranges 0.0 < Frcr, < 2.0 GeV and 0.0 £ Efp, = 0.8 GeV, and listed in Table 6.4. All the
p-values exceed 5% to show good agreement between the data and the simulation

6.3 Validation in M, side-band region

The background events, such as fake D*, B® <+ B% cross-feed, and “other” BB back-
ground events, often originate from incorrectly reconstructed Bi,s candidates. These
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Table 6.3: Results of statistical tests for Fgcr,,

M2

and Ff;, distributions in the

miss’

NW%OE sideband region. The simulation is compared with the sideband data in ranges
of [0.0,2.0] GeV, [1.0,5.0] (GeV/c?)2, and [0.0,0.8] GeV, respectively. Only statistical

uncertainties of the data and the simulation are considered in the evaluation.

xX* (p-value [%])

Observable NDF
D*t = Dt D0 5 Dtr0  D*Y - DOR0
17.3 106 48.1
E 19
et (56.7) (0.322 x 10712)  (0.0251)
8.77 18.9 9.25
*]\4miss2 7
(26.9) (0.840) (23.5)
y 11.1 3.13 11.3
EECL 7
(13.6) (87.3) (12.7)
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Figure 6.4: Comparison of (a) Egcr, and (b) M2,  distributions between data and sim-

miss

ulation for D** — D*7% mode with a broader bin width in the Nzo sideband region.

misreconstructions typically result from either exchanging daughters between the signal-
side and tag-side B mesons or from missing a few particles from a By, candidate. The
fractions of these incorrect Bi,e, candidates are validated using the data. The M, side-
band samples are prepared by inverting the requirement for My, of B, candidates to
5.24 GeV/c? < My tag < 5.27 GeV/c?, focusing on the region where correctly recon-
structed Biag are suppressed. The My, distributions in this sideband region are displayed
in Figure 6.8. Figure 6.9 compares the simulation with the data for Fgcr, and Mzﬁss in
the My, sideband region. Their y? values and corresponding p-values are evaluated in
ranges 5.24 < Mpctag < 5.27 GeV/c?, 0.0 £ Egcr, < 0.8 GeV, and —1.0 £ M, ;2 <

8.0 (GeV/c?)?, and listed in Table 6.5. All the p-values exceed 5%, reflecting good agree-
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ment between the data and the simulation.

6.4 Validation in AMp- side-band region

The AMp~ sideband region is utilized to examine the fitting observables of the fake D*
candidates. The sideband ranges are specified in Table 5.7. In this region, fake D* candi-
dates are predominantly enhanced with a purity of more than 95%. Figure 6.9 compares

simulation with data for Fgcp, and M2, in the M, sideband region. Their x? val-

iss
ues and corresponding p-values are evaluated in the ranges 0.0 £ Egcr, < 0.8 GeV and
-1.0 £ M2, < 80 (GeV/c?)?, and listed in Table 6.5. All the p-values exceed 5%,

miss
demonstrating good agreement between the data and the simulation, except for the Mrzrliss

distribution in D** — D%*. The D** — D%t mode has the best signal-to-background
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Figure 6.7: Comparison of (a)—(c) Egcr, and (d)—(f) Ef, distributions between data and
simulation in the Ny - sideband region with the B—D**Inu enhanced selection of 1.0 <

M2

miss
modes (right) are shown.

< 5.0 (GeV/c?)?. D*t — Dnt (left), D** — D0 (middle), and D** — DO70

Table 6.4: Results of statistical tests for Fgcr, and E]’ECL distributions with the selection

for enhanced B — D**/~7, background events by 1.0 < M?

< 5.0 (GeV/c?)? in the

miss

Nyo . sideband region. The simulation is compared with the sideband data in the ranges
[0.0,2.0] GeV and [0.0,0.8] GeV, respectively. Only statistical uncertainties of the data
and the simulation are considered in the evaluation.

Observable NDF

X2

(p-value [%)])

D*t — DOx+t D*0 s Dtg0  p*0 _ pOg0

Egcr 19

Epcr, 7

16.0
(65.9)
10.8
(14.8)

16.7 23.5
(61.2) (21.6)
8.07 4.15
(32.6) (76.2)
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Table 6.5: Results of statistical tests for My, of By, candidates, Ercr,, and M, 2

miss dis-
tributions in My, sideband region. The simulation is compared with the sideband data in
ranges of [5.24,5.27] GeV/c?, [0.0,0.8] GeV, and [—1.0,8.0] (GeV/c?)?, respectively. Only

statistical uncertainties of the data and the simulation are considered in the evaluation.

xX* (p-value [%])

D*t — Dzt D*¥0 5 Dtgr0 p*0 5 DOg0

Observable NDF

10.2 11.0 20.0

Biag Mye 14
tag “=b (75.0) (68.3) (13.2)
. ; 7.00 5.79 3.79
oL (7.20) (12.2) (28.5)
4.27 4.35 10.2

M2, 8
miss (83.2) (82.4) (14.0)

Table 6.6: Results of statistical tests for Epcr, and M?

miss

distributions in AMp+ sideband
region. The simulation is compared with the sideband data in ranges of [0.0,0.8] GeV
and [—1.0,8.0] (GeV/c?)?, respectively. Only statistical uncertainties of the data and the
simulation are considered in the evaluation.

\? (pvalue %))

D*t — DYxt D*¥0 5 Dtg0 D0 DOg0

Observable NDF

. : 11.5 3.79 14.0
EOL (11.8) (80.4) (5.14)
30.6 6.07 8.11
M, 17
miss® (2.20) (99.2) (96.4)

ratio and holds the smallest fake D* rate, leading to a fewer entries even in the AMp+« side-
band region. Additional y? tests using histograms with a broader bin width are performed
in Figure 6.11 for the D** — DY * mode. The x? value reaches 6.30 for five bins in the
range of —2.0 < M2. < 8.0 (GeV/c?)?, and the p-value increases to 17.8%. Therefore,
The low p-value could be due to the small number of entries in the bins.

iss

6.5 Validation in M?2

miss

< 1.0 (GeV/c?)?

In the region M2

2.« < 1.0 (GeV/c?)?, we examine the six kinematic variables: momentum

transfer ¢?, D* momentum in the c.m. frame ||, lepton momentum in the c.m. frame
|9,*|, momentum of }_ candidates | ﬁ"jlow |, momentum of low-momentum ¥ candidates
’ﬁﬂ—ol |, momentum of KY candidates from D decays |p KO |. These variables are compared in
Figures 6.12, 6.13, and 6.14. Their x? values and p-values are listed in Table 6.7. The test
observables are evaluated in ranges [4.0,8.0] (GeV /c)?, [0.50,2.0] GeV /c, [0.70,2.2] GeV /c,
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Figure 6.12: Comparison of (a)-(c) the ¢2, (d)-(f) [p}3], and (g)-(i) |p,*| distributions

between the data and the simulation in M2

miss

< 1.0 (GeV/c?)2.

D** — D70 (middle), and D** — D70 modes (right) are shown.

D*t — DOrt (left),

[0.0,0.20] GeV/c, [0.0,0.20] GeV /¢, and [0.10,1.50] GeV /¢, respectively. All the p-values
exceed 5%, indicating good agreement between the data and the simulation.
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Table 6.7: Results of statistical tests for distributions of kinematic variables in the region
of M2, < 1.0 (GeV/c?)2. The simulation is compared with the data. Only statistical

miss
uncertainties of the data and the simulation are considered in the evaluation.

X* (p-value [%)])

D*t — Dxt D*0 5 Dtg0  p*0 5 pOg0

Observable NDF

, 14.2 11.3 8.00
q 11
(22.4) (42.1) (71.3)
o " 23.2 11.2 5.00
Pp- (5.67) (59.2) (98.6)
5 » 20.8 14.0 111.1
Pe (10.8) (45.2) (68.0)
; 8.19
8 J— —
P, (41.5)
; 8.11
9 -
|pﬂ-glow| (11.3)
; 17.61
13
|ng‘ (17.2)
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7 Signal extraction

7.1 Fit strategy
7.1.1 Fitting method

R(D*) is extracted through a two-dimensional extended binned maximum likelihood fit.
The two-dimensional probability density functions (PDFs) are constructed independently
in each of three fit categories of the D* modes: D** — D%+, D*T — Dt and D*° —
D70, A simultaneous fit is performed across the three D* modes. The variables used in
the fit are Egcr, and M2, in the ranges of 0.0 to 2.0 GeV and —2.0 to 10.0 (GeV /c?)?,
respectively.

7.1.2 Yield parameterization

R(D*) is described using the number of events and reconstruction efficiencies,

B(B — D*r"v)
R(D*) = 22 (=, 7.1
(D) =5y €=o (7.1)
ND*TV ED*w

(ND*KV/Q) . ED*TI/’

where Npe« (g, is the observed number of B — D*r v, (D*("7;) candidates in the

(7.2)

data and e€p«r(p), is the reconstruction efficiency of correctly reconstructed B — D*t7 1,
(D*¢~1y) candidates. The factor 2 in the denominator averages the summed yield from the
two light leptons, ¢ € {e, u}. Here, the reconstruction efficiencies are defined as follows,

_ N]rDefT(Z)V
ED*r(L)y = NgDen © )
*T(l)v

(7.3)

where N ), and N lg)inT( o), are the number of reconstructed and generated B — D*t U,
(D*¢~v;) decays, respectively. NginT(g)y is derived by Eq. (7.4) and Eq. (7.5),

- _ B(B — D*r~ 7, )&
N& = N8 .B(B — D*17 7, )8 + N8 . — ,
Drrv s5 B ™) BB B(B — D77, )8 + B(B — D*1~ 1, )sen
(7.4)
NpY, = Ni2 -2 [B(B — D*e™,.)5" + B(B — D*1"7,)5"] . (7.5)

Here N é%l is the number of BB pairs generated in the simulation, and B(B — X )& refers

to a simulated branching fraction for B — X decay. In the signal MC samples, one B
meson decays generically, including the decays to D*)7~ 7., while its counterpart B meson
decays exclusively to D®)7~7,. Thus, in Eq. (7.4), the first and second terms correspond
to the number of generated B — D*7~ 7, decays from generic B decays and that from the
exclusive signal B decays, respectively. On the other hand, both B mesons decay through
generic processes in the generic MC samples. The number of generated B — D*{~ 7, decays
is therefore twice the individual counts from one of the BB pair, which is represented by
the factor of 2 in Eq. (7.5).
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For each D* mode, the yields of event categories or sub-categories are parameterized
as follows.

1. Signal events
The yield Np=,, is parameterized by Eq. (7.6).
. ND*ZV ED*rv

Npery = R(D*) - =580 22722 (7.6)

The R(D*) is shared among the three D* mode. The yield is unconstrained in the
fit, while the reconstruction efficiencies of the signal and the normalization events are
taken as nuisance parameters. The nuisance parameter, hereafter, is constrained by a
single Gaussian function of which mean is the estimated value and ¢ is its uncertainty.

When B — D*r~ 7, candidates accompany a fake lepton candidate from tau decay
which passes the requirement of the lepton identification, they can also be considered
as signal events. The yield N E‘E;EID

the signal B — D*7r~ v, MC samples.

is scaled to the yield Np«,, with a fixed ratio in

2. Normalization events
The yield Np+g, is parameterized for neutral and charged B modes by Eq. (7.7) and
Eq. (7.8), respectively.

N 2B(B” — D* "0 ) x [2Nyg5fo0] X ep-,
D*fy =
2B(B~ — D*°0" 1) x [2Nyz5 (1 — foo)] X epaw, (7.8)

where foo is the branching fraction of Y(4S) — B°B0 and N 55 is the number of BB
events in the data. The yield is unconstrained in the fit, while foo, Ngg, and ep«y,
are taken as nuisance parameters. B(EO — D*T{~7,) are required to be the same
between the fit categories of D** — D%t and D** — D*x0.

3. Background events with a correctly reconstructed D* candidate

(a) B— D*("v
The yield Np+=p, is unconstrained in the fit to be determined by data because
the branching fractions for some of the B — D**/~7 decays have not been

measured.

(b) Hadronic B decays
The yield Nyaqp is fixed with simulation.

(c) “Other” background events
The yield Ngther is fixed with simulation.

4. Background events with a fake D* candidate
The yield Npaep+ is taken as nuisance parameters. The constraint follows a single
Gaussian function with o corresponding to an uncertainty of the data-simulation
ratio in the AMp+ side-band regions.
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Table 7.1: Summary of the fit parameters. The index ¢ takes three fit categories of the D*
modes. The number of parameters are in parentheses. The number of 5iD* 1, 18 counted only
for the signal events because they are shared in parametrization with the normalization
events. “Total” row shows the total number of parameters of each type in parentheses.

P t
PDF component aramheer
Unconstrained Nuisance Fixed
SN N LmisID?
1. Signal events R(D%) (1) i (6) Lxmv  (3)
Doy Nper,,
BB’ - D* 1), Joo
2. Normalization events BB - D*Of*w)l (2) JYBE 2) —
(eDes)
3. Background events with a correct D*
(a) B— D" v Ny, (3) — —
(b) Hadronic B decay — — Noan (3)
(c) Other background events Néor (3)
4. Background events with a fake D* — Niep< (3 —
Total (6) (11) (15)

Table 7.2: Expected values of the nuisance parameters.

Parameter Constraint
foo 0.484 £ 0.012
Npg [10] 198.0 & 3.0

D*t - Dzt D*t - Dtx0  pD*0 5 D00

epry  [107°] 1.805+0.018 0.277£0.007 1.565 = 0.017
Do [1075] 5.363+£0.075 0.686+0.027 4.192 = 0.063
NrakeD- 160.7237 27.7+44 258.9+131

Treatment of the fit parameters is summarized in Table 7.1. We assume R(D*) holds
a common value for B and BT decays under the isospin symmetry, setting R(D*) =
R(D**) = R(D*°). The parameters indexed with 4 are unconstrained in the fit indepen-
dently in each D* mode. The fit involves a total of 17 floated parameters, out of which 11
parameters are subject to external constraints as nuisance parameters. The constraints on
the nuisance parameters are summarized in Table 7.2. The nuisance parameters are treated
as mutually independent. The values of the fixed parameters are provided in Table 7.3.

7.1.3 Probability density function

We determine the two-dimensional PDF from the simulation. There are empty bins in
the created PDF's due to the limitations of the MC statistics. An adaptive kernel density
estimation (KDE) method is utilized to infer the probability in those empty bins reasonably.

— 69 —



Table 7.3: Values of the parameters fixed in the fit for R(D*).

Constrained value

Parameter

D*t — Dt D*t — Dtr0 D*0 - DOxp0
NEWSID /N (%) 6.6 6.6 6.9
NHadB 38.8 4.5 21.2
Nother 12.4 1.9 6.7

Table 7.4: Configurations of the adaptive kernel density estimation.

PDF component RooFit class Plocal
EroL Mg
1. Signal events Roo2DKeyPDF 2.0 2.0
2. Signal events with a misidentified ¢ Roo2DKeyPDF 2.0 2.0
3. Normalization events — — —
4. Background events with a correct D*
(a) B—D"(v RooNDKeyPDF 1.0 0.4
(b) Hadronic B decay RooNDKeyPDF 1.0 0.3
(c) “Other” background events
B® «+ B* cross feed RooNDKeyPDF 2.0 0.1
“Other” BB background events RooNDKeyPDF 1.0 0.4
Continuum events RooNDKeyPDF 1.0 1.0
5. Background events with a fake D* RooNDKeyPDF 2.0 0.9

This estimation is facilitated by the Roo2DKeyPDF and RooNDKeyPDF classes in the RooFit
package. The adaptive KDE is applied on every PDF for all event categories, except for the
normalization events, in each of the D* modes. In the adaptive KDE, there is a provision
to customize user-specific width scale factors of local densities, denoted as pjoca1. Different
width scale factors are adopted among event categories as listed in Table 7.4. Optimization
of these factors is achieved by comparing the distributions with and without the adaptive
KDE. For the “other” background events, different width scale factors are employed in the
three components: BY <+ BT cross feed, other BB background, and continuum events.
The PDFs with the adaptive KDE are converted to histogram PDFs, discretized 20 and
24 uniform bins along the axes of Frcr, and Miiss, respectively. Figure 7.1 illustrate the
constructed PDFs for (sub)categories in the D** — D7 mode.
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7.1.4 Likelihood function

An extended binned maximum likelihood L is defined as
mode me

=TT ) .

where n;; represents the observed number of events in the j-th bin for the ¢-th D* mode,

and 7 represents the collection of these observed counts. The indices ¢ and j run up to
Nmode = 3 and Ny, = 480, respectively. X consists of 17 fit parameters floated in the
fit, which includes R(D*) and a set of 11 nuisance parameters under Gaussian constraints,
Xnuisance € X. The expected number of events in the j-th bin for the i-th D* mode P;; is
calculated with a sum of the PDF components from the six (sub)categories:

Ncat

Py (X) -3 [uf (X) fl-’j-] . (7.10)

Here, Vf is the expected yield of the k-th event (sub)category in the i-th D* mode, and
k
]

number of event (sub)categories, Neat, is six. The constraints for the nuisance parameters

corresponds to the probability of j-th bin for the k-th event (sub)category. The total

are given as

N 2 (M —n)?
C(Anuisance) = - : s 7.11
( ) H TON,L ONL+ 0N R OM\,R o ( 20/2\1 ( :

>\l E)\nulsamce

where p), and o), indicate the mean and standard deviation of a double-sided Gaussian
PDF for a nuisance parameter A;. The asymmetric standard deviation is defined as

o OX\,L ()‘l < :U’>\l)7 (7‘12)
A p—
oxr (N2 ) (7.13)

l

7.2 Performance tests

The performance of our fitting procedure is validated through two distinct methods: the
Asimov fit, as detailed in Section 7.2.1, and fitting with pseudo-experimental data sets,
described in Section 7.2.2. Both approaches consistently yield fitted R(D*) values that
align with the true R(D*) values. When the true R(D*) value is set to the SM expected
value of 0.254, our fitting method demonstrates a statistical uncertainty in the range of
approximately 15 to 16% in these tests.

7.2.1 Asimov fit

An Asimov data set, corresponding to an integrated luminosity of 189.26 fb~! is generated
using histogram PDFs with the SM R(D*) value of 0.254 assumed. A fit was then performed
on this Asimov data set, yielding a result of R(D*) = 0.25415-532. The central value of this
fit result is equal to the true value. The asymmetric errors represent statistical uncertainties
of 15.3% and 16.3% on the positive and negative sides, respectively. Additionally, the pull
values in all bins, as illustrated in Figures 7.2 to 7.4, are adequately close to zero, in line
with the expectations.
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7.2.2 Fits with pseudo experiment data sets

We generate 5,000 sets of pseudo-experimental data, each containing an integrated lumi-
nosity of 189.26 fb~!, using the generate function in the RooFit package. These sets,
functioning as toy MC samples, are based on histogram PDFs with the SM expectation
value of R(D*). Figure 7.5 presents the R(D*) values and their asymmetric errors derived
from 5,000 fits of these pseudo-experimental data sets. The asymmetric errors expect the
statistical uncertainties with respect to the SM expectation of R(D*) as Eq. 7.14.

Tai e = 50 (1191%) (7.14)
They agree with those from the Asimov fit discussed in Section 7.2.1. In addition, the
pull distribution is obtained using the fitted R(D*) values and uncertainties of these 5,000
pseudo experiments as illustrated in Figure 7.6. A Gaussian fit to this pull distribution
yields mean and standard deviation values consistent with 0.0 and 1.0, respectively, within
a 20 range of their statistical uncertainties.

To evaluate the linearity between the true and fitted R(D*) values, we conduct fits
on pseudo-experimental data sets with varying the true R(D) value from 0.100 to 0.600 in
steps of 0.010. For each true value, 5,000 data sets are fitted, and the mean and statistical
uncertainty of the fitted R(D*) values are determined. This test demonstrates linearity

as illustrated in Figure 7.7. The bias between the true and fitted values is quantified by
fitting a linear function to the test results, represented as:

R(D*)true = 1.008 - R(D*) — 0.003. (7.15)

Here, R(D*)trye denotes the true R(D*) value. The uncertainty associated with this linear
function is found to be at most 0.1% of R(D*)iye within the tested range. While we do
not adjust the R(D*) values obtained from the fit, the observed bias is accounted for as a
systematic uncertainty arising from the fitting procedure.
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8 Results

8.1 Fit results

We observe the data as shown in Figure 8.1. From the fit to the observed events, we find
R(D*) = 0.262 70035 (stat.) T0:055 (syst.). (8.1)

Figures 8.2 to 8.4 illustrate the projected distributions of the fit results. The p-value of the
goodness of fit stands at 4.4%, determined by the x? distribution from the fits with pseudo
data sets at the fitted R(D*) as shown in Figure 8.5. Tables 8.1 and 8.2 list the resulting
values of the floated and nuisance parameters. Figure 8.6 shows the observed correlation
between those parameters. Table 8.3 presents the observed signal and normalization events
for each D* mode, calculated based on the fit result. Table 8.4 summarizes the systematic
uncertainties observed in the real data. The details of these systematic uncertainties are
discussed in Section 9.

The likelihood values relative to the maximum value in the nominal fit, L., are com-
puted as a function of the R(D*) values. Figure 8.7 displays the negative log-likelihood

ratios. The significance of the signal events is calculated using \/—21og (Lo/Lmax), Where
Lg represents the likelihood for a background-only hypothesis, corresponding to R(D*) = 0.
The signal decays are observed with a significance of 9.7 ¢, which accounts for statistical
uncertainty only. When incorporating the systematic uncertainty, the significance is as-
sumed to be proportional to AR(D*), with a coefficient of 1/0. The total uncertainty o
is determined as a quadrature sum of statistical and systematic uncertainties in Eq. (8.1),

o= \/ Us2tat + Us2yst' (82)

The B — D*7~ 7, decays are observed with a significance of 5.2 ¢, including the systematic

calculated by

uncertainty.

Table 8.1: Observed (expected) values of the floated parameters. Only statistical uncer-
tainties are given.

Parameter Observed (expected) value
R(D¥) 0.262 *{:039

B(B° — D*Tt 1) [%] 5.27 1022 (5.03 £ 0.11)
B(B~ — D*% 1) (%] 5.50 T5:3% (5.41 £0.11)

D*t — DYxt  D*t 5 Dtr0  pD*0 5 pOg0

19.2 5.6 19.3
34.77195 5.8757 64.5% 1573

N *% 01
pre (61.6+22)  (9.0£0.9)  (46.0+ 2.0)
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Table 8.2: Observed (expected) values of the nuisance parameters.

Parameter Observed (expected) value
foo 0.484 +0.012 (0.484 + 0.012)
Ny [109] 198.0 4 3.0 (198.0 =+ 3.0)

D*t — DYzt  D*t — Dtx0 D*0 — pOx0

1.805 £ 0.018 0.277 £ 0.007 1.565 +£0.017

ED*rv 107°
P 1077 (1.805 +0.018)  (0.277+£0.007) (1.565 4 0.017)
. 110-9) 5.368 +0.075  0.683 +0.025 4.190700%3
priv (5.363 +£0.075)  (0.686 +0.027) (4.192 4 0.063)
Newn 164.7%%:% 28.8%% 258.9i}§;§
(160.77555) (27.65%) (251.47755)

Table 8.3: Observed (expected) yields of the signal and normalization events. Only
statistical uncertainties are given. The signal events include those with a misidentified
lepton candidate.

Parameter Observed (expected) yield
D*t — DOzt D*t - D*p0 D0 — DO70
Npsry 50.9£7.38 7.8+1.2 49.2+7.5

1084.6 £ 36.7 1379+ 6.6 940.9 £ 36.0

Np«
bty (1041.0 £11.2) (133.2+£4.3) (927.2 £ 10.7)

8.2 Consistency checks with split samples

The robustness of the fit results is tested using split data sets. Three tests are conducted
on data sets divided into two by reconstructed modes or run periods as follows:

e Reconstructed modes of lepton candidates in the Bg;g, side,
either B — D*e™ U, or B — D*1i"v,,.
e Charge of By, candidates, either B — D**¢~5, or B~ — D*% 1.
e Run periods, with runs taken either before or after noon of Apr. 16th, 2021 (JST).

In the first test, where the data set is separated by reconstructed lepton modes on the
B, side, the different PDFs are prepared for each split data set by also separating the
reconstructed MC candidates based on the lepton modes. For the other tests, the same
PDFs are used in the fit. The R(D*) fits are performed on the split data sets under
the same configuration as the nominal fit. Figure 8.8 compares the fit results only with
statistical uncertainties. All tests reveal consistency between the fit results of the two split
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Table 8.4: Summary of observed systematic uncertainties in R(D*).

Source Uncertainty
PDF shapes J—rgizlsgz
MC statistics f???ﬁ
B — D**{~v, branching fractions fg:?gﬁ
Fixed backgrounds ig;gﬁ
Hadronic B decay branching fractions fg%gj
Reconstruction efficiency ig:g%
Kernel density estimation fﬁj%ﬁ
Form factors jg:?g;
Peaking background on AMp-« ig:i%
7~ — (" v,y branching fractions tggg;
R(D*) fit method fgiigi
Total systematic uncertainty ﬂgg%

data sets within 1o. Moreover, they all agree with the nominal fit result in Eq. (8.1) within
their statistical uncertainties. Consequently, this confirms the robustness of the nominal
fit result.

8.3 Branching fractions of B — D*/~ 7,

In the signal extraction fit, the branching fractions of B — D*/~7, decays are also mea-
sured. We obtain

B(B" = D**0 wy) = 5.27 7925 (stat.)

518 (syst) %, (8.3)
B(B~ — D**1" ;) = 5.50 1038 (stat.) *{.

4
2
1 (syst.) %.

The systematic uncertainties are evaluated as listed in 8.5, following the same procedures as
those for the R(D*) described in Section 9. This is the first measurement of the branching
fraction of B~ — D*°/~7, at the Belle II experiment. Both branching fractions are in
agreement with the world averages of the isospin-averaged branching fractions, which are
5.03 £ 0.11 for the neutral and 5.41 £ 0.11 for the charged B decays, respectively.
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Table 8.5: Summary of observed systematic uncertainties in B(B — D*(~ ;) from the
signal extraction fit.

Source Uncertainty
B(B°) B(B*)
PDF shapes J_ré%; J—r(l);g;
MC statistics tgg;ﬁ 3853
B — D**{~ v, branching fractions fgé;ﬁ t?:g%
Fixed backgrounds tg:}gﬁ tgﬁ%
Hadronic B decay branching fractions fgé;ﬁ fgﬁ%
Kernel density estimation tg:ggﬁ tg:i%
R(D*) fit method fg;ﬁé tg:é;ﬁ
Total systematic uncertainty f%g;ﬁ fgg?;
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Epcy distributions for a signal-enhanced selection of 1.5 < M2, < 6.0 (GeV/c?)? in
the (a) D*T — D%t (b) D** — D*tx°, and (¢) D*® — D% modes.
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Figure 8.5: Distribution of x? values from the signal extraction fits with pseudo data sets
at R(D*) = 0.262. The blue arrow indicates the x? value of 1816.9 obtained in the data.
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Figure 8.6: Correlation matrix of the floated and nuisance parameters observed in the
R(D*) fit to the data.
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Figure 8.7: Distribution of the negative log-likelihood ratio as a function of the R(D¥)
values. The right plot enlarges the small region of the negative log-likelihood ratio in the
left plot. The black and red curves show the log-likelihood ratios with the statistical un-
certainty and the total uncertainty, respectively. The horizontal dashed grey lines indicate
—2log (L/Lmax) = 1.

_ 84 —



Belle Il f 4
Preliminary Ldt=189.31b
B - D6V, e
B D'uv, .
B - DI¥, - ]
B — D*Iv, —_—t—
First run period |
(By 2021-04-16)
Second run period
(After 2021-04-16)
0.1 0.2 0.3 0.4
R(D*)

Figure 8.8: Comparison of fit results with split data sets. Fit results from two split data
sets based on reconstructed modes of lepton candidates in the B, side (top), charge of Bgg
candidates (middle), run periods (bottom) are compared in pairs. All the uncertainties are
statistical only. The magenta band indicates the result of the nominal fit and its statistical

uncertainty.

— 85 —



9 Systematic uncertainty

Systematic uncertainties in R(D*) are summarized in Table 8.4. We account for uncertain-
ties in detector responses, underlying physics processes, and discrepancies between the real
data and the simulation. Systematic uncertainties, except those from the kernel density
estimation, are assessed through refitting, testing procedures, or a combination of them
that involve variations in the sources of these uncertainties. The procedures are outlined
as follows:

e Refitting

1. Sources of systematic uncertainty are varied randomly, which leads to the con-
struction of a new PDF. This step includes updating the constraints on nuisance
parameters and the values of fixed parameters.

2. With this new PDF, a refit of R(D*) to the data is then performed.

3. We repeat this refitting process (steps 1 and 2) 1,000 times. The variation in
the fitted R(D*) values from the nominal result is recorded as AR(D").

4. The systematic uncertainty is quantified by fitting a double-sided single Gaus-
sian function to the distribution of AR(D*) from these 1,000 fits or taking the
minimum and maximum shifts within the 1,000 fits. The Gaussian function
is characterized by a mean p and asymmetric errors oy, and op. The function
provides the uncertainty range determined by p+ o and u— oy, for the positive
and negative errors in R(D*), respectively.

e Testing

1. We vary the sources of systematic uncertainty by a predetermined amount and
construct a new PDF in this test configuration. This step updates the con-
straints on nuisance parameters and fixed parameter values as well.

2. The R(D*) fit to the data is performed with this new PDF.

3. The deviation from the nominal R(D*) fit result is treated as a systematic
uncertainty in R(D*).

9.1 Shapes of probability density functions

In a region of M2, = < 1.0 (GeV/c?)2, we have observed discrepancies between data and

iss
simulation in the shapes of the fit variables, as discussed in Section 5. To address these
discrepancies, corrections are introduced, including an energy shift for fake v candidates

in the ROE and smearing factors for the resolution of M2. . The uncertainties associated

iss*
with these correction factors, listed in Table 9.1, contribute to changes in the PDF shapes.
To estimate the systematic uncertainty in the PDF shapes due to these corrections,

the energy shifts for fake v candidates and the smearing factors for the M2. . resolution

miss

are varied according to their respective uncertainties. The resolutions of M?2. . are varied

miss
randomly using single Gaussian functions, consistently fluctuated between the neutral and
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Table 9.1: Correction factors for the shapes of Fgcr, and MI%I

iss*®

Fit variable Correction factor
_ +7
EECL 5E’Y = —15_9 MeV
9 0.0617001> (GeV/c?)? for the neutral B mode
M s Aoyp = +0.028 212
miss 0.060" 5054 (GeV/c?)* for the charged B mode
160 | Belle Il Preliminary  u = 3.5934E-01 = 7.0532E-02
4 o, = 6.9261E-01 + 5.3485E-02
140 f Ldt=189.3fb 0y = 84996E-01 = 4.7220E-02
120
3
w 100 |
S
T 80f
©
O 60
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20 F
0 ba e
—4 4

-2 0 e
ARDYRDY), , 1%]

Figure 9.1: Distribution of AR(D*) from 1000 fits with the energy shift of —15 MeV for
the Fgqr correction in the evaluation of systematic uncertainty due to the PDF shapes.
The fitted double-sided single Gaussian function is shown by the blue curve.

charged B modes based on the uncertainties. This variation is performed 1,000 times for
each energy shift of fake v candidates. For each energy shift, £10 ranges in AR(D*)
distributions are obtained from 1,000 refits. An example is shown in Figure 9.1 for the
energy shift of —15 MeV. These 1,000 refits are executed at energy shifts ranging from
—24 MeV to —8.0 MeV in 2.0 MeV steps as well as at the nominal energy shift of —15 MeV.
Among all tested energy shifts, the largest positive and negative deviations at the +1o
points are then identified as the uncertainty. Figure 9.2 illustrates the dependence of

AR(D*) on these energy shifts. The uncertainty is evaluated to be *5053 <fgég‘: .

9.2 Simulation sample size

The PDFs are constructed using MC samples of limited size. The shape of these PDF's
may vary due to statistical fluctuations in the generation process. To estimate uncertainties
arising from the limited MC statistics, MC distributions are produced using the bootstrap-
ping method [51]. This method involves randomly resampling the simulated events with
replacement from the original MC sample in each candidate category of every D* mode.
Simultaneously, the number of simulated events in each candidate category is fluctuated
using a Poisson distribution, with the mean set to the number of entries in the original
MC samples. The reconstruction efficiencies, ep+r, and €p+y,, are updated accordingly.
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Figure 9.2: Results of the evaluation of systematic uncertainties from the PDF shapes

as a function of energy shifts, ranging from —24 to —8 MeV. The uncertainty of points
corresponds to =10 of AR(D*) in the evaluation at each of the energy shifts.

Adaptive KDE is applied to the resampled MC distributions to construct new PDFs based
on the resampled events. The new PDF is then fitted to the data, and these R(D*) fits
are repeated 1,000 times.

Figure 9.3 illustrates the distribution of R(D*) differences from the nominal fit result.
A shift towards the positive direction in the mean value of the AR(D*) distribution is
observed, which is attributable to low statistics of background events in the simulation. To
demonstrate the bias caused by the limited size of the MC sample, resampling is tested while
scaling the number of simulated events taken by bootstrapping from one-tenth to three
times the original MC sample size in increments of 0.1. This approach simulates evaluations
with an increased or decreased MC sample size for the PDF construction. The AR(D*)
distributions at half and double the sample size in resampling are presented in Figure 9.4.
Figure 9.5 summarizes the mean and standard deviations obtained by single Gaussian fits
to the AR(D*) distributions as a function of the resampling size factor, ry,,,.. .., relative
to the original MC size. The results indicate that both the bias in the mean values and the
standard deviations are dependent on the resampling size. Functions of po + (p1/7N,eeampie)

and Po/ /TN, eoampre are fitted to the mean and standard deviations for values of 7y,
between 0.1 and 1.0, respectively. The evaluated mean and standard deviations in the

esample

higher ry region follow the extrapolated fitted functions. As the resampled size

resample
increases, the bias diminishes to a negligible level. In this analysis, a symmetric systematic
uncertainty is conservatively assigned by taking sum of the mean and right-hand sigma of
the Gaussian fit in the AR(D*) distribution at ry;,

+0.020 <+7.5%)

equal to 1.0. The uncertainty is

esample

estimated to be T 5, _75%

9.3 Branching fractions of B — D**/"7, and B — D**7 7,

The composition uncertainties of B — D**/~v, and B — D**7~ U, decays in the PDFs
may introduce the systematic uncertainty in R(D*). These branching fractions are fluctu-
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Figure 9.3: Distribution of R(D*) differences from the nominal fit result after the boot-
strap application. The fitted double-sided single Gaussian is shown by the blue curve.
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Figure 9.4: Distributions of R(D*) differences from the nominal fit result after the boot-
strap application scaling to a half (doubled) sample size. The fitted double-sided single
Gaussian function is shown by the blue curve.

ated based on the uncertainties listed in Table 4.3. The fluctuation is applied to the four
categories of decay modes as detailed in Table 9.2. For measured resonant B — D**(v,,
namely B — {Dy, D}, D}, D3}~ vy, B — Dg*)KE_W, and non-resonant B — D™l 1,
decays, single Gaussian functions are used to vary their branching fractions. For modes not
yet observed, branching fractions are varied randomly within a uniform distribution from
0% to 200% of the estimated values for each decay mode category, representing a conser-
vative evaluation. The branching fractions of the unmeasured modes are fully correlated
within their respective categories during these fluctuations. This variation process and the
R(D*) fitting are repeated 1,000 times for all decay mode categories. The resulting R(D*)
differences for each category are depicted in Figure 9.6. For the category of measured
resonant B — D**¢/~ v, and B — Dg*)ﬁ_ﬁg decays, uncertainties are determined using the
standard deviation range of a single double-sided Gaussian function fitted to the AR(D*)
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Figure 9.5: Dependence of the mean and standard deviation against the factor of the
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resampling size, ry

Nresample

Table 9.2: Systematic uncertainties from the branching fractions of B — D**/~ 7, and
B — D1 7,.

Decay mode Fluctuation function Uncertainty
et v 5D ot 353 ()
Non-resonant B — D® i~ 7, Single Gaussian function fgjggg (f?é;‘;)
The B — X0 7 gap Uniform (£100%) 048 (“177)
B — D*r 1, Uniform (£100%) 0000 (Sé@
Total (quadratic sum) o009 (tggg;)

distributions. In the other categories, , where distribution shapes are not Gaussian-like,
the minimum and maximum shifts from the 1,000 R(D*) fits are conservatively assigned
as negative and positive systematic uncertainties. These estimated uncertainties are sum-
marized in Table 9.2. The total uncertainty resulting from the B — D**{~v,/D*7~ v,
compositions is calculated as a quadratic sum of the uncertainties from all the decay mode

i . +0.013 (+4.8%
categories, estimated to be T 59 (_3.5% .

9.4 Background categories with fixed yields

Candidates in the “other ” background category are accompanied by an incorrectly recon-
structed Biag candidate. To account for possible discrepancies between data and simulation
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Figure 9.6: Distributions of AR(D*) in 1000 fits involving the fluctuations within uncer-
tainties on the branching fractions of B — D**¢/~ 7y and B — D**7~ 7, decays. (a) Mea-
sured resonant B — D**/~ 7, and B — Dg*)K £~7, decays. The fitted double-sided single
Gaussian function is shown by the blue curve. (b) Non-resonant B — D™/~ T, de-
cays. (c) Gap component of B — X ("7, decays filled by B — D**(— D®xr)l~7, and
B — D**(— D®n)0~7, decays. (d) B — D**7~ 7, decays.

in the fractions of the wrong By,, candidates, the fixed yields of this category are varied
across all D* modes. This variation employs uniform distributions ranging from 0% to
200% of the expected yields in the simulation. The variation process is independently con-
ducted for three divided event types: BY <+ Bt cross-feed, “other” BB background, and
continuum events. Each type undergoes 1,000 iterations of this variation process.

The distributions of AR(D*) for each event type are illustrated in Figure 9.7. The
maximum and minimum shifts observed in the AR(D*) are considered as the systematic
uncertainty, as summarized in Table 9.3. These uncertainties are then combined in a

. . . . . : +2.7%
quadratic sum for all three categories, resulting in a total systematic uncertainty of 555/

9.5 Branching fractions of hadronic B decays

Similarly to the uncertainties from the branching fractions of B — D**/~7,, the composi-
tion uncertainties of hadronic B decays in the PDFs may also contribute to the systematic
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Table 9.3: Systematic uncertainties from the “other” background categories.

Type Fluctuation function Uncertainty
BY «» Bt cross-feed events Uniform (£100%) +0.003 ﬂg%
“Other” BB background events Uniform (£100%) o006 tgg;ﬁ
Continuum events Uniform (£100%) tg:ggf tg:g;ﬁ

Total (quadratic sum) £0:006 (J—rggg;)

180 -
160 I Belle Il Preliminary — Mean :4.871E-02 + 1.943E-02 80 [ Belle Il Preliminary  Mean :8.331E-02 = 3.832E-02
F 4 Std. dev.: 6.159E-01 = 1.377E-02 70E 4 Std. dev.: 1.212E+00 = 2.710E-02
140 F fL dt=189.3fb Maximum : 1211E+00 F fL dt=189.3 b Maximum :2259E+00
b Minimum : -9.900E-01 60 | Minimum  : -1.977E+00
0 120 | @ F
Qo F 2 50 F
g 100 o S 20 b
k] F he] E
§ 80F &t
© e0f S s0f
af 20|
20 | 10F
0 E L Il L o E Il Il
- 2R D*/H?D* % 2 4 - 2R D*/R?D* %) 2 4
(DYRD), ., 1%] (DYRD?),  1%]
(a) (b)
160 | Belle Il Preliminary  Mean : 1.348E-02 = 9.392E-03
i _ 1 Std. dev.: 2.970E-01 = 6.641E-03
140 f Ldt=189.3fb Maximum : 5.554E-01
120 £ Minimum : -4.764E-01
2 :
% 100
S [
T 80F
@ [
O 60F
40 |-
20 |
O E L Il L
) 2

-1 0 1
ARDYRDY),  1%]
(c)

Figure 9.7: Distributions of AR(D*) from the evaluation of systematic uncertainty due
to the “other” background categories. (a) B? «» BT cross-feed events. (b) “Other” BB
background events. (¢) Continuum events.
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Table 9.4: Systematic uncertainties from branching fractions of hadronic B decays.

Decay mode category Fluctuation function Uncertainty

B — DY D* Single Gaussian +0.000  (£0.2%)
B — D*nn(n°) Single Gaussian +0.000  (£0.0%)
B — D*DWK — Negligible
Other listed B decays — Negligible
Unlisted B decays Uniform (£100%) +0.006  (+£2.1%)
Total +0.006% (£2.1%)

uncertainty in R(D*). Branching fractions of the hadronic B decay are fluctuated based
on the uncertainties listed in Table 4.4. In each decay mode category, the branching frac-
tions of measured hadronic B decays are simultaneously randomized using single Gaussian
functions. Those of unlisted B decays are varied randomly with a uniform distribution
from 0% to 200% of the estimated branching fractions. Uncertainties among B — Dg*)D*
decays are considered to be fully correlated, reflecting the systematic variation due to cross-
feed events in their branching fraction measurement [52]. In contrast, uncertainties among
B — Dnm(7°) decays are treated as uncorrelated. Within unlisted B decays with the same
number of first B daughters, the branching fractions are correlated for a conservative assess-
ment. No correlation is considered between any other decay modes during this fluctuation.
This process of variation and the subsequent fitting of R(D*) are repeated 1,000 times for
all decay mode categories. Systematic uncertainties in the categories of B — D*D™ K and
the other listed B decays are ignored, as these candidates either represent a small fraction
of reconstructed candidates or have their branching fractions measured with sufficiently
small uncertainties. The resulting distributions of R(D*) differences are displayed in Fig-
ure 9.8. Table 9.4 summarizes the uncertainties evaluated by single Gaussian fits to the
AR(D*) distributions. In total, an uncertainty of Jjg:ggg <+2'1%> is estimated a quadratic

—2.1%
sum of all categories.

9.6 Reconstruction efficiencies

Efficiencies of the particle reconstruction possess inherent uncertainties which can lead to
variations in the PDF shapes, efficiencies of signal and normalization events, and expected
background yields. These uncertainties are largely mitigated by taking the ratio between
the signal and normalization modes. Nevertheless, differences in kinematic distributions
between these two modes still introduce systematic uncertainties in R(D*). The following
efficiencies and their uncertainties are considered:

+

Jlow efficiency,

o
e Lepton identification efficiency,

e Hadron identification efficiency,
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Figure 9.8: Distributions of AR(D*) in 1000 fits involving the fluctuations within un-
certainties on the branching fractions of hadronic B decays. (a) B — Dg*)D*, (b) B —
D*nm(n°), (c) unlisted B decays. The fitted double-sided single Gaussian function is shown
by the blue curve.

0

e 7" reconstruction efficiency,

° Kg reconstruction efficiency,
® DBi,e reconstruction efficiency in FEI, and
e Tracking efficiency.

Each of these efficiencies is varied by +1c of its respective uncertainties to evaluate differ-
ences in PDF shapes and yields. For the Kg efficiency, an additional uncertainty of 10%
is included to account for yield deviation observed between data and simulation in the ¢
side-band region. Fits are performed incorporating these configurations at the £1o shifts.
Differences in R(D*) relative to the fit result at the nominal efficiencies are regarded as
uncertainties attributable to these efficiencies. These uncertainties are summarized in Ta-
ble 9.5. The total uncertainty, calculated as a quadratic sum of all sources, is determined
to be +0.005 (£2.0%). Notably, this total uncertainty is predominantly influenced by the
lepton identification efficiency.
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Table 9.5: Systematic uncertainties from reconstruction efficiencies.

Source Uncertainty

., efficiency +0.002  (+0.6%)
Lepton identification efficiency +0.005 (£1.8%)
Hadron identification efficiency +0.000 (£0.1%)
7¥ reconstruction efficiency +0.000 (+0.1%)
Kg reconstruction efficiency +0.000 (+0.1%)
Biag reconstruction efficiency in FEI ~ £0.002  (£0.8%)
Tracking efficiency +0.000 (£0.1%)
Total (quadratic sum) +0.005 (£2.0%)

9.7 Kernel density estimation

The adaptive KDE smooths the PDF shape along user-specified width scale factors of
local densities, piocal. The PDF shapes could change depending on the chosen values for
the width scale factors in the KDE. To evaluate the potential biases from the selections
of piocal, pseudo data samples are prepared without applying the adaptive KDE as the
fitted distribution at 189.26 fb~!. The nominal PDF, incorporating the adaptive KDE,
is then fitted to these pseudo data samples. This fitting process is conducted 1000 times,
with MC entries bootstrapped for each iteration to generate the pseudo data samples. In
these samples, the R(D*) value is assumed to be 0.262, as obtained in the data R(D*) fit.
Figure 9.9 displays the resulting AR(D*) distribution from this evaluation. A single double-
sided Gaussian function fitted to the AR(D*) distribution yields a mean of +0.6 + 1.4 %
in AR(D*). This mean bias is regarded as the systematic uncertainty due to the adaptive

KDE, resulting in i‘g:ggg (féggz)

9.8 Form factors

To update the simulation of the semi-leptonic B decays with the up-to-date form factor
modeling and updated value of form factor parameters, event-by-event weights are cal-
culated, which affect the PDF shapes. These modeling uncertainties induce changes in
the PDF shapes. To vary form factor parameters according to their uncertainty, all pa-
rameters are rotated to an uncorrelated eigenbasis using the correlation matrix within the
model. This rotation disentangles the correlation of the form factor parameters, allowing
the uncertainties of the rotated parameters to be treated independently and summed up
in quadrature. For each rotated parameter, the value is shifted by +1c of its associated
uncertainty, and a covariance matrix is constructed. The resulting covariance matrices
of all rotated parameters are summed into a single covariance matrix for the form factor
process. Corresponding event-by-event weights are fluctuated to modify the PDF shapes
to fit with the incorporated uncertainty variation.

As described in Section 7, the reconstructed events are categorized into six templates
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Figure 9.9: Distribution of R(D*) for the evaluation of systematic uncertainty due to
the kernel density estimation using the pseudo data at fitted R(D*) of 0.262. The fitted
double-sided single Gaussian function is shown by the blue curve.

for fitting. Excluding the continuum events template, five PDFs are influenced by the
form factor uncertainties of semi-leptonic B decays. Different form factor models for semi-
leptonic B decays are evaluated independently. For instance, when parameter values for
the decay B — D*{~ vy and B — D*7~U,, which is modeled by the BGL parameterization,
are varied, other decays continue to use the nominal PDFs. Within each template, events
are further divided into ten different semi-leptonic B decays identified by generator truth
information. Thus, three fit categories of D* modes, five templates per D* mode, and ten
semi-leptonic B decays per template result in a total of 200 covariance matrices for a single
form factor model.

For the construction of the covariance matrix, the difference in entries of two-dimensional
PDFs is determined for each bin between PDF's with the 410 shifts of each rotated param-
eter and the nominal PDFs. Two absolute differences given by positive and negative 1o
shifts of the rotated parameters are averaged in each bin. A positive or negative sign cor-
responding to a larger absolute difference is assigned in that bin. These binned differences

form a two-dimensional matrix of 20 x 24 bins in Frcr, and M2, axes, respectively. The

iss
difference matrix is then flattened into one dimension array of 480 bins, denoted as dpr. A
covariance matrix Ygp is obtained by taking the outer product of dpr, i.e., dpp X dpp. Fig-
ure 9.10 shows covariance matrices for the template of the normalization events. Figures

(?7) to (??7) correspond to each decay process categorized by the generator information.

As described in Section 5, while B — D*(~7, and B — D*7~ 7, processes use the
BLPRXP modeling, B — D**{~7, and B — D**7~ 7, processes utilize the BGL modeling.
The systematic uncertainty is evaluated individually for each form factor model. For each
model, a matrix of random percentage factors is generated following a multi-variate Gaus-
sian distribution based on the covariance matrix. This matrix is applied to the nominal
PDFs to vary the shapes with correlation, and the new PDF is then fitted to the data. This
procedure is repeated for 1,000 fits, producing a distribution of R(D*) differences relative
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Figure 9.10: Covariance matrices for template of the normalization events in the D** —
D7t decay. The covariance matrices are created for each of the categorized semi-leptonic
B decays identified by generator information. The categories of semi-leptonic B decays are
(a) B— D*¢"vy, (b) B— D*rv,, (c) B— D1{" vy, (d) B— D3~ vy, (e) B— Dyl vy,
(f) B — D¢ vy, (g) B — D17 v, (h) B— D377 v,, (i) B— Dyt U, and (j) B —
D1t v,.

to the nominal R(D*). A single double-sided Gaussian is fitted to the AR(D*) distribution
and its standard deviations are considered as the systematic uncertainty induced by the
form factor parameters. The uncertainties from four processes are added in quadrature as
a total systematic uncertainty.
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Table 9.6: Expected systematic uncertainties from form factor parameterization.

Decay Uncertainty
- - +0.001  (+0.3%
B — Dl vy —0.000 T0%
- — +0.001  [(+0.2%
B — D*t7 1, —0.000 Z0.0%
— _ i 0.001 0.3%
B — {D1, D3} v, /{D1, D3}t v Tgoos (Toox
— P /I1..——  +0.001 +0.2%
B —{Dg, Di Y0 /{Dg, D1} 7 Tgooo  ( Zoon
Total (quadratic sum) 000 (fgi’%)

The systematic uncertainties of form factor variations of B — D*(~vy, B — D*1~ U,
B — {Dy,D3}¢v,/{Dy, D3} v,, and B — {Dy, D\ }¥"vs/{Do, D}}7 U, are listed in

Table 9.6. The total systematic uncertainty is estimated to be fg:ggé fg?;ﬁ)

9.9 Peaking backgrounds on AMp-

The number of peaking background events in fake D* candidates is determined by fitting the
A Mp~ distributions relative to the correctly reconstructed D* candidates in the simulation.
However, the ratio of peaking backgrounds to correct D* candidates may differ in the
data. In the simulation, over 90% of the peaking background events are found to originate
from events with incorrectly reconstructed B — D*{~7, decays. The mis-reconstruction
primarily occurs in the following scenarios:

e The software fails to match Tr;iow with the generated 71 particle in the simulation,

+
slow

even though the 7 candidate is correctly reconstructed according to an event

display.

e A 70 candidate in a D decay is not correctly reconstructed, involving either a photon
candidate of the beam-induced background or a fake v produced by hadronic showers.

The impact of software failure in matching on R(D*) is expected to be minor, as it is
mitigated by taking a ratio between the signal and normalization modes. However, the
beam-induced background photons and fake s may not be accurately modeled by the
simulation, potentially leading to systematic uncertainty in R(D*). To estimate this impact
on R(D*), the number of events with incorrectly reconstructed 7° from a D meson is
varied from 0% to 200% of the expected yields in the simulation. The fit of R(D*) is then
conducted with PDFs that include this variation. An observed shift of 0.4% in the fitted
R(D*) is estimated as the systematic uncertainty.

9.10 7 — ¢ v, Uy, branching fractions

The branching fractions of leptonic 7 decays have uncertainties, as listed in Table 4.5.
These uncertainties can cause variations in the signal efficiency €p«;,, resulting in changes
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Figure 9.11: Distribution of AR(D*) induced by the variation of the branching fractions
of the leptonic 7 decays. The fitted double-sided single Gaussian function is shown by the
blue curve.

to R(D*). The uncertainties of the branching fractions for the 7= — e vV, and 7~ —
pu~v;v, decays are varied consistently based on a single Gaussian function with a sigma
corresponding to these uncertainties. This variation is conducted 1,000 times, and the
resulting AR(D*) shifts are evaluated with a fit of a single double-sided Gaussian function,
as illustrated in Figure 9.11. The 1o region of the AR(D*) distribution is considered as
the systematic uncertainty. The uncertainty is estimated to be +0.2%.

9.11 R(D*) fit method

A fitter bias is observed during the linearity test of the R(D*) fit method as described
in Section 7.2.2. This fit bias is evaluated at R(D*) = 0.262 using the linearity function
of Eq. 7.15. The obtained bias of fg:?g‘; is assigned as the systematic uncertainty induced
by our fit method. Furthermore, there is a discrepancy observed between data and sim-
ulation in range of 1.8 < Egrcr, < 2.0 GeV. When this range is excluded, the p-value for
the goodness of fit for the R(D*) extraction increases from 4.4% to 14.4%, as shown in
Figure 9.12. Reducing the fit range results in a +0.1% shift of the fitted R(D*). The sys-
tematic uncertainty is determined by a quadratic sum of these two contributions, yielding

+0.1%.
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range.
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10 Discussion

10.1 Combination of result of R(D*) measurement

We combine our result of the R(D*) measurement with the previous measurements. Fig-
ures 10.1 and 10.2 illustrate summary of measurement results on R(D*) and combined
R(D™) averages. The Belle II R(D*) result agrees with the SM expectations at 0.254 +
0.005. Thus, no significant LFU violation is found in R(D*). Our result is consistent with
all the previous measurements within the uncertainty. The combined averages have an
excess from the standard deviation by 3.30.

BaBar 2012 i

Had. tag, 426 fb’' : ‘ ®
Belle 2015 L

Had. tag, 711 fb™' !

Belle 2017
T—=av/pv,711 fb’

Belle 2019 : ‘
SL tag, 711 fb™! 3 ‘;
LHCb 2022 : 1
3.0 fb! : '
LHCb 2023

T—=aaav,50 fb!

Belle 11 2023 \
Had. tag, 189 fb! !

HFLAV Summer2023 | He

SM Prediction |'°'|

0.1 0.2 0.3 0.4
R(D*)

Figure 10.1: Comparison of the R(D*) measurements results. The red point represents
our result, while the black points denote the results from previous measurements [19, 21, 23—
26, 53]. The range between the small vertical lines signifies statistical uncertainty, and the
extent of the horizontal line corresponds to total uncertainty. The magenta and green bands
indicate the predicted R(D*) in the SM and the experimental world average, including our
measurement result, respectively [27].

10.2 Constraints on New Physics parameters

We examine the allowed regions with the current world averages in Figure 10.2. Three
scenarios are tested: Single-operator scenarios, a type-I1 two-Higgs doublet model scenario,
and Leptoqruark scenarios. The significance is calculated using log-likelihood ratios with
the total uncertainty of R(D) and R(D*) with their correlation taken into account. The
BSM contributions are estimated based on Egs. (?7). We assume that the efficiencies do
not differ from the SM over the parameter space for simplicity.
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Figure 10.2: Summary of results of R(D(*)) measurements performed by the BaBar,
Belle, LHCb, and Belle II experiments [27]. The contour shows 68% confidence levels of
measurements [19, 21, 23-26, 53]. The black point indicates the SM predictions.

10.2.1 Single-operator scenarios

As the simplest case, we test single-operator scenarios for five interaction types: Cy, , Cyy,
Cs,, Csg, Cr. Only one of the coefficients takes nonzero values while the others are zero.
The allowed regions for each of them are shown in Figure 10.3.

10.2.2 Two-Higgs doublet model scenarios

The charged Higgs of two-Higgs doublet models can contribute to the semileptonic B decays
as shown in Figure 10.4. The coefficients of scalar operators in type-II Higgs doublet model
(2HDM) are expressed as [2]

(10.1)

(10.2)

where my, m., and m, are masses of b, ¢ quarks, and 7 leptons, respectively. We adopt
my = 4.18 GeV/c?, m. = 0.901 GeV/c?, and m, = 1.76708 GeV/c? at the scale yp, =
my [54]. As shown in Figure 10.5, we observed limited allowed regions for the type-II
2HDM and most of the regions are excluded by more than 3¢ on the tan 8 and m g+ plane.

10.2.3 Leptoqruark scenarios

The leptoquarks can contribute to the semileptonic B decays as shown in Figure 10.6.
We consider three leptoquark types as possible candidates: a SU(2)-singlet vector UY, a
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SU(2)r-singlet scalar S1, and SU(2)-doublet scalar Rg. The leptoquark mass is assumed
to be 2 TeV. These leptoquarks can have nonzero coefficients as follows [29]:

U} : Cy,,Csp, (10.3)
S1:Cy,,Cs, = —4CT, (10.4)
Rs: CVR, CSL = +4C7p, (10.5)

(10.6)

at the LQ scale Apq = Mpq. To estimate the contribution at the scale ji, = my, the
coefficients are scaled down from the LQ scale to the scale p, = my, and their relations are
obtained as Cgs, (11p) = —8.7CT(up) and Cg, (1) = +8.2Cr(1p) for Sq-type and Ro-type
leptoquarks, respectively [29]. Figure 10.7 shows constraints on the BSM parameters in
the leptoquark scenarios. For each value of one parameter, the minimum significance that
can be taken at any value of the other parameter is shown among each set of parameters.
When we assume zero imaginary parts of the Willson coefficients, the correlation of allowed
values of the parameters are shown in Figure 10.7.

10.3 Estimation of future sensitivity

We estimate the uncertainties of R(D*) in future analyses of the Belle II experiment based
on two scenarios:

1. Conservative scenarios where the systematic uncertainties remain constant,

2. Optimistic scenarios where major systematic uncertainties decrease in relation to
luminosity.

Initially, we estimate the expected statistical uncertainties using Asimov data sets.
The R(D*) fit is performed with Asimov data sets at different luminosities. The size of
the Asimov data set increases from 0.1 fb~! to 5.0 fb~! in 0.1 fb~! steps. The obtained
dependence of the statistical uncertainties on the luminosity £ is fitted using a function
po + p1/ VL. This fitted function serves to estimate statistical uncertainty at a given
luminosity.

In the first scenario, the same level of systematic uncertainty is maintained without
improvements in uncertainty sources, while statistical uncertainty decreases as luminos-
ity increases. In the second scenario, reductions in discrepancies of the Fgcr, and Miiss
distributions between data and simulation are assumed, along with decreased systematic
uncertainty of the PDF shape correction as luminosity increases. The uncertainty range
of the energy shifts for fake photons narrows by the x? tests using larger data sets. Ad-
ditionally, the size of the simulation increases proportionally to the real data size. The
uncertainty of the MC statistics at higher luminosity is estimated using fitted functions of
bias and standard deviations in AR(D*) from Figure 9.5.

Figure 10.9 displays extrapolated statistical and total uncertainties. Compared with
Belle sensitivity, statistical uncertainty reduces by about 40% at 189 fb~!. The grey line
represents total uncertainties with constant systematic uncertainty size up to 5 ab=!. The
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statistical uncertainty is given by the black line. Improved statistical uncertainty enhances
sensitivity on R(D*), even without systematic uncertainty improvements. The grey dashed
line indicates total uncertainties with reduced systematic uncertainty in PDF shapes and
MC statistics.
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Figure 10.3: Favored regions according to the R(D(*)) averages on the Wilson Coefficients
for single BSM operators. The constraints are presented for (a) Vi-type, (b) Vg-type, (c)
Sr-type, (d) Sg-type, and (e) T-type single operators, respectively. The vertical and

horizontal axes represent the real and imaginary parts of the coefficients.
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Figure 10.5: Favored regions according to the R(D(*)) averages on masses and tan 3 of a
charged Higgs boson in the two-Higgs type models (Type-II).

Figure 10.6: Feynman diagram of B — D)7~ 7. decays with a leptoquark.
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Figure 10.9: Dependence of uncertainties in the R(D*) measurement on the luminosity
of the data set. Black points are estimated using Asimov data sets. The open (closed) red
and blue rectangle points indicate the statistical (total) uncertainty in the R(D*) in our
results at 189 fb~! and previous measurement by the Belle experiment at 711 fb=! [21].
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11 Conclusion

The SM marks a lot of success in particle physics. The model holds lepton flavor universality
as an axiom that states that the coupling constants in the interaction between leptons and
gauge particles are the same regardless of the lepton flavor e, u, or 7. This universality has
been demonstrated by various experiments as well. On the other hand, in the semi-leptonic
B decay, the ratio of their branching fractions R(D*) show an excess over the theoretical
values at a significance of 3.20 according to the average of results of measurements by the
previous BaBar, Belle, and LHCb experiments. It has been suggested that this deviation
could be a sign of BSM contributions.

To further investigate the observed deviation, we perform the first measurement of
R(D*) and search for lepton flavor universality violation between B — D*7~ 7, and B —
D*(~ 7, decays using a new electron-positron data samples, corresponding to 189 fb~!,
collected with the Belle II detector between 2019 and 2021 at the SuperKEKB accelerator.
We introduce a new reconstruction technique, FEI, for B tagging and optimize selections to
leverage the new reconstruction method. We establish calibration and calibration methods
for major background components through these data-driven approaches. We demonstrate
that the background sources are well-modeled in our simulation.

From the fit to the data, we determine

R(D*) = 0.262 T003% (stat.) T505 (syst.). (11.1)

This result is consistent with the SM predictions. Therefore, no significant violation of lep-
ton flavor universality is observed. The results also agree with the previous measurements
within the uncertainty. The world average of the R(D(*)) measurements, including this
measurement, showed a slight increase in the deviation from the SM predictions from 3.2¢
to 3.30. Finally, we discuss possible BSM contributions in B — D*7~ 7, based on the new
world average of R(D(*)) for single operators, two-Higgs doublet models, and leptoquark
scenarios. We achieve a R(D*) measurement with improved sensitivity by 40% compared
to the corresponding Belle measurement using the early data and establish a baseline for
future analyses in the Belle II experiment.
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Appendix A Branching fractions of B — D**/" 7,

The heavier 1P states in the charm meson system, collectively known as D**, significantly
contribute to the D(*)(mr) states with n > 0. According to HQET, there are two narrow
states, D(2420) and D3(2460), which decay through D-wave transitions to D*) with a
width of approximately 20 MeV. In contrast, the broader states, D(2400) and D’ (2430),
decay through S-wave transitions to D*) with widths of several hundred MeV. Measuring
these heavier D** mesons is complex due to the overlapping decay products, and typically
only partial branching fractions have been measured. Therefore, total branching fractions
for these modes are inferred from partial branching fractions, assuming isospin symmetry
in the meson system. The composition of branching fractions used in our simulation is
summarized in Table A.1.

For the non-resonant B — D®71l~7, decays, their contribution is consistent with
zero after subtracting the resonant D** contributions decaying to D™z from the inclusive
branching fractions of B — D® =7

B(B — D*nl" ;) — B(B — D**(— D*1){"7,) = (0.34+0.9) x 1073, (A1)
B(B — Dnl" ;) — B(B — D**(— Dn)t"7;) = (=1.1 £ 1.1) x 1073, (A.2)

Thus, the branching fractions for these non-resonant decays are set to zero in our simula-
tion. These contributions are later considered in the evaluation of systematic uncertainties
using the branching fractions from Eq. (A.1) and Eq. (A.2).

The total branching fractions of the inclusive B — D®rmf~ 7, decays are derived using
the ratios of branching fractions of B — D®rrl~7, over B — D™~ 7, [55]. However,
the B — Dnrl~ U, is saturated by the contributions from an observed mode of B — D1 (—
D)l vy,

B(B — Drant™7;) — B(B — Dy(— Drm)l"7,) = (0.6 +0.9) x 1073, (A.3)

The residual contribution to B — Drrf~ 7 in Eq. (A.3) is attributed to decays through the
broad through the broad D{ and Dll resonances. It is assumed that the decays B — D{(—
Drr)l~ v, and B — D (— Dnr){~ 7, contribute equally to these branching fractions. The
expected branching fractions for B — D*rml~ 7, decays are

BB’ — Drntl~7;) = (2.0 £ 1.1) x 1073, (A.4)
B(B~ — Drnl 7p) = (224 1.1) x 1072, (A.5)

for neutral and charged B modes, respectively. These decays are also simulated in our
simulation with equal contributions from the two resonant D** decays via D§ or D.

There exists a gap of branching fractions between the inclusive B — X ./~ 7, and the
sum of exclusive semi-leptonic B decays involving a charm meson. To fill this gap, we assign
the decays B — D§(— Dn)¢~ vy, and B — Dj(— D*n){~ v, as contributing components,
assigning a 100% uncertainty to their branching fractions.

Since B — D**7~ 1, decays have not been observed yet, we estimate their branching
fractions using those of B — D**¢~7, and assuming R(D**) = B(B — D**r~v,)/B(B —



Table A.1: Compositions of branching fractions in each category of decay processes of the

resonant D** states in the simulation.

D
Decay process S eeay " B(D**) composition[%]
D** D**
DY — D7t~  Df — Dtnatr— 17.2
DY — D797 D} — Dt7O70 11.5
Dy — Dar/D*r DY — Dtr=7®  Df — DOrtq0 11.5
DY — D**r~ Df — D*Ont 39.9
DY — D*Ox0 Df — D**79 20.0
D s D D — Dtr~ Dyt — DOt 66.7
0 D% — DOn0 Dyt — Dt Y 33.3
D — Dntn= Dyt — Dtrta 42.9
D} — Drr D - Dtn—x% Dyt — DOrtr0 28.6
DY — D790 Dt — D070 28.6
DY — D%rtr= Dt — D*Tata 42.9
D} — D*rr DY = Dt 7% Dt — D*Ont 0 28.6
Dy — D799 Dyt — D*t 00 28.6
D§ — Dn Dy — Doy Dyt — Dt 100.0
D - Dt D" - D*"x= D" = D*'n* 66.7
! D} — D*0x0 D" — D* 70 33.3
D" - Dtrtr~ DT = Dtrta 42.9
D} — Drm DY - DOrtx0 DT — DOt gd 28.6
DY = Dtr%z0 DT — Dta0x0 28.6
DY - Dt~ DT - D*Fata 42.9
D} — D*rr D}’ = D** 7% D)t = D Ort g0 28.6
DY = D*0x070 DIt o D*Ha0z0 28.6
D), — D*n D} — D00 D" — Dty 100.0
D3Y — Dtr— D3t — DO tqY 40.0
*0 0.0 *—+ +.0

D¥ s D D3% — DOr Dyt — Dtr 20.0
2 Dy - D**r= Dt — D*Ont 26.7
D3 — D*0x0 D3t — D*tr0 13.3




D**{~v;) = 0.085 4 0.012 [43]. An uncertainty of 100% is assigned for all B — D**7~ v,
decays.
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Table B.1: Correction factors ry;gqin for the

signal regions.

selection windows of the Mp and AMp-+

Decays

T'width

DY —» K—ntnd
DY - K—ntn—nt
D% — Kg7r+7T’7TO
DY K7t

DY — Klrtn
DY — K2x°

D’ — K-K*

DY — ntn—

1101005
109708
102701
1187002

+0.10
1.43%570
+0.23
1082013

+0.08
1.0170:08

0.957518

Dt - K—ntat
Dt — Kgﬂ'+
Dt - K~K*r*

0.09
1‘Ogiro.lo
0.25
1.00Z5 3
0.30
0.7315:57

D*—i— — DO7T+
D*t — Dt 70
D*0 — pDOx0

+0.07
1.147 507

+0.08
1.00%4 07
40.08
1.10%¢ o8




x10” 10%
45F Belle Il Simulation Belle Il Simulation 7972 +/- (163, 164) Belle Il Simulation
- B B ) .
4F Jrat=160001" 10F [Lat=160001" PN [ Lat=1600.0 16" o oo st

35F

L o o R Y

Candidates / (0.0025 GeV/c?)
Candidates / (0.0025 GeV/c?)
o
Candidates / (0.0025 GeV/c?)

4
2
-
SR /114

72} L L .\ : L ..\. L L L b bl 72} L L L L bt .\ 2 199 L
1.8 1.811.821.831.841.851.861.871.881.89 1.9 1.8 1.811.821.831.841.851.861.871.881.89 1.9
M, [GeV/c?] M, [GeV/c?]
(a) (b)
x10” 3 10”

14 | Belle Il Simulation Belle Il Simulation Belle Il Simulation

x
2 J Lat=1600.0 " 2 Lsf J Lat=1600.0 1" 3 2s0p J Lat=1600.0 1"
3 ef = 1600 al: = 1600 3 f = 1600
E 200
v 10F 9 2F & F
8 8 f 8 Jsof
s 8F S 15F g 150F
% 6F > £ Z F
8 8 4 8 100f /
S 4F 3 F 3 5 4 v
2 LE 2 osf 2 s0p
T < E © F
3 S & S 2
0 0 0
3 0 R — _— B OOL e e e e E B T
_2} L L .\ L L L I L L r) -2 }' L L L L L L \. L \... C L L \. LSl L L L 1 :
1.871811.821.83 184 1.851.86 1.87 1.86 1.69 1.9 1.8 1.811.821.63 1.84 185 1.86 1.67 1.88 189 1.9 1.871.811.821.63 1.841.85 1.86 1.67 1.88 189 1.9
M, [GeV/c?] M, [GeV/c?] M, [GeV/c?]

(d) (e) (f)

x10” e
N ; Belle Il Simulation N 800? Belle Il Simulation
z - J Lat=1600.0 16" z 700E f Lat=1600.0 16"
G 12F ] E
g i g 600
S 08 S 500
(=} s o E
- < 400
g o6p 8 300
o 04 2 200F
g 0.2 // g 100 E
R ST 7> ‘ Lk
_ 2Fe. .. R .- - 2 cete ot tee
E 0% . . . ee e S . - E 0::.,..'.' L. . ...'. - L
-2F L, L : L L 21 .\' L —2F L L L : L L L L
1.82 1.83 184 1.85 1.86 1.87 1.88 1.89 1.9 1.82 183 1.84 1.85 186 1.87 1.88 1.89 1.9
M, [GeV/c? M, [GeV/c?]

(8) (h)
Figure B.3: Results of Mp fits for D° modes in the simulation. (a) DY — K-mtrY
(b) DY - K—nta= 7", (¢) D* —» K2ntm— 70 (d) D' - K~ 7", (e) D* — Kintm—,
(f) D° = K2x% (g) D° - K~K*, and (h) D* — 7.



x10°
Belle Il Simulation

1.4 - -
Belle Il Simulation

% . .‘ T 160 " g Belle I Simiaton
S 12F [ra=1e000m > 140f [ Lat=160001 3 [ Lat=160001
G L [5) F 15
S] S 100 =1
S S wb N s
F % cof N 3
5 5 ol D g
s s o /\ s
I S 20F // <
© © LE ., .- ©

2 e et e e & Of v R g ceet e
-2 } L L . L '\ .P L L L L L -2 } .'\ L L L L \. L L 1 : -2 } L \. L L \. L L L L
1.8 1.811.821.831.841.851.86 1.87 1.88 1.89 1.9 1.8 1.811.821.831.841.851.86 1.871.88 1.89 1.9 1.8 1.811.821.831.841.851.86 1.871.88 1.89 1.9
M, [GeV/c?] M, [GeV/c?] M, [GeV/c?q]

(a) (b) ()

Figure B.4: Results of Mp fits for Dt modes in the simulation. (a) DT — K- atx™
(b) D¥ — K2n, and (¢c) D* — K~ K*r+.



x10
< Belle Il Preliminary —— Dua G 14f Bellel Preliminary —— Daa N Belle Il Preliminary —~— Dua
S 5001 [Ldt=189.31" —— e S F [La=18e31” —— e s JLat=1893 10" ——me
[} [0} 12F [o3
0] ] F ]
wn wn b w0
Y Y} 1F [
8 8 E 8
S c 08F S
~ ~ E ~
8 g 06p 8
3 S 04f 3
2 2 F 2
< g 021 5
] ] £ [¢]
0 0 :
2F © goe0 . o 2F e, 0 g .
— E s, s giee . = E PRSI JU- R | ] — he oo o, .
B Ofpes ope I T B0kt Tl e z SR T e ok
o PR R T ¢ ok so e e T, o o oo
L L L L L L L L L0 C L 1 L Lo L o1 199,11 C L Lt L L L L S L
1.8 1.811.821.831.841.851.86 1.87 1.881.89 1.9 1.8 1.811.821.831.841.851.861.87 1.88 1.89 1.9 1.8 1.811.821.831.841.851.861.87 1.881.89 1.9
» [GeV/c?] M, [GeVic?] M, [GeVic?]
(a) (b) (c)
1. 210" 500 F
Kg 16E Belle Il Preliminary —e— Data “’{;\ £ Belle Il Preliminary —e— Data c{)\ Belle Il Preliminary —— Data
S b [ra=1sesn’ ——MC S o50f JLdt=18931" ——MC S [ Lat=189.3 1" —— e
© 14 () n )
o] o] F ]
{ 12F & 200 &
o o E o
S 1 S F S
o o | o
< osf = 150 =
8 o6k ! 3 F 3
g0 g1oop g
S g4fF kel f he}
g 02F g 501 g
(Sl [$) A ¢
0
3 e, o. %% ST 3 3
& ',‘°:g e, 5 ° 0'000053 . & | &
Y2 B IR | & o S e S
L L L L L L L 21 L L | L L L L L L L L 9 L L L L 1.9 L L L L L
1.8 1.811.821.831.841.851.861.871.88 1.89 1.9 1.8 1.811.821.831.841.851.861.871.881.89 1.9 1.8 1.811.821.831.841.851.861.871.881.89 1.9
M, [GeV/c?] M, [GeV/c?] M, [GeV/c?]
(d) (e) (f)
120
180 Belle Il Preliminary e Data Belle Il Preliminary e Duta
160 [ Ldt=189.3 1" ——MC 100 Ldt=189.3 b e MC
140 F
120 80

100 60

40

Candidates / (0.0025 GeV/c?)
Candidates / (0.0025 GeV/c?)

20

20 i i

0 ol :
= e PR S TP = 2; g ratenter st e ity
a 0; . g' . " I s a 0;0' P o e0f 3t o .

_Zj L L 0\ '\ s\ 0\0. \. _Zj L L \. s\ L L .\

1.82 1.83 1.84 1.85 1.86 1,87 1.88 1.89 1.9 1.82 1.83 1.84 1.85 1.86 1,87 1.88 1.89 1.9

M, [GeV/c?] M, [GeV/c?]

(8) (h)
Figure B.5: Comparison of results of Mp fits for DY modes between the data and the
simulation. (a) D° — K~ 770 (b) D - K—atr—nt, (¢c) D° — K2ntn— 7Y, (d) D° —
K=", (e) DY = Kntr—, (f) D = K2x°, (g) D° - K~K*, and (h) D" — 7n.



= . 30
 "60F gette r Pretminary b § 16 Bellell Preliminary — Dua §  F Bellenn Preiminary b
S 140F [Lot=1s031" —— e S 1af [ra=1893n —— e S o5F [rot=18931" —— e
S 120 G ,F & f
[re] 0 [re) 12;’ o 20F
I E I E I E
o 100 S 10F =] r
< =1 £ 3 y
S 80 s gf S 15F
g 60 8 of g 10F
= ] E ] F
S 40 S 4f s f
2 2 i 2 s
5 5 zp DL 3
8 8 adlibi, S F
0 01JQM AEANNY RS ANSERGASED 0
2 2F . o
3 S R Latauleno wel B it =
£ 0 & 0P e e, s v &
-2 L L L L 1 L L L L L -2 } oo\ L L L L \6 L : L o\ N -2 :A L \o L L \o L L L 1%
1.8 1.811.821.83 1.841.85 1.86 1.87 1.88 1.89 1.9 1.8 1.811.821.831.841.851.86 1.87 1.8 1.89 1.9 1.8 1.811.821.831.841.851.861.871.88 1.89 1.9
M, [GeV/c?] [GeV/c?] ]

(a) (b) ()

Figure B.6: Comparison of results of Mp fits for DT modes between the data and the
simulation. (a) D¥ — K~ 7T, (b) DT — Kn*, and (¢c) Dt — K- K*r™.



Appendix C Mp-

Candidates / (0.0005 (GeV/c??)

Pull

D*

139 +/- (-18,20)
1291 4/- (-37, 38)

Belle Il Preliminary

Srat=18931° 109 - (0046, 0047

2 } .. . * .

Ofare o T e
2f . o ‘ ‘

0.14 0145 015 0155 0.16 0165 0.17

AM,. [(GeV/c?]

(a)

fits for yield calibration of fake

Candidates / (0.0005 (GeV/c??)

Pull

Figure C.1: Results of AM7, fits
and (c¢) D** — DO70.

Candidates / (0.0005 (GeV/c??)

Pull

x10”
Belle Il Simulation N, = 559 +/- (-40, 42)
E fL dt = 900.0 f6 6152 +/- (81,82)

Fies = 0963 +/- (-0.020,0.020)

of ot e T
2F - . . . N
0.14 0.145 0.15 0.155 0.16 0.165 0.17

AM . [(GeV/c?]

(a)

Candidates / (0.0005 (GeV/c??)

Pull

Figure C.2: Results of AM7F fits
D70 and (¢) D*® — D0,

70 Belle Il Preliminary
[ Lat=1803 1"

oF .

E .

0135 0.14 0.145 0.15 0155 0.16 0.165 0.17
AM,. [(GeV/c?]

(b)

Candidates / (0.0005 (GeV/c??)

Pull

350

8 +/- (-39, 40)
7 +1- (41, 42)

Belle Il Preliminary
[ Lat=189316"

1.063 +/- (-0.051,0.053)

2

0

72’ L L L L L L

0.135 0.14 0.145 0.15 0.155_0.16 0.165 0.17
AM,,. [(GeV/c?]

(c)

in the data for (a) D** — D%+, (b) D** — D79

Belle Il Simulation
J Lat=s00.01"

Fies = 0980 +/- (-0.059, 0.063)

o
eI

-2F
0.135

614 0145 0.15 0155 0.16 0.165 0.17
AM,. [(GeV/c?]

(b)

Candidates / (0.0005 (GeV/c??)

Pull

> x10”
Belle Il Simulation N, 07 +/- (-93,94)
1.8 B N = 5558 41 (93, 94)
1of Jra=sooomt | BT G o

2F .., . . .

o ;L,. ... R '...‘.. .. . . . '- . .._... ., .~..... . ... o

2fe .

0.135 0.14 0.145 0.15 0.155_0.16 0.165 0.17
AM,. [(GeV/c?]

(c)

in the simulation for (a) D** — D%, (b) D** —



¢ [ Betlen Preiiminary —— b ) Belle Il Preliminary —— D © 2OF getlen proiminary o
s Srat-1ss3" e MC s Jrat=1893 10" —e-MC S 380F [Lat-18001" e
® 08f 3 8 300
3 3 G 300F
2 g § ool
S osf 3 g
g S S 200F
2 04 2 8 150F
5 s - 100f
3 02f g I
c S g 3
2 < S 50F
8 . ‘ o ok i, it e © ok ‘
: e
. 0. S oo s o ° % . LI 3 - % =
_ . . gane 506 -one = BT = S P S, oo 3 g or i
H R et H B R B PR L RS g RRRA LA
S o o oF. . o 2pre v TS
0.14 0145

x10”

D

(a)

L . |
015 0155 0.16 0.165 0.17
M, [GeV/c?]

plGe

°
£ 1 . I I I I
0.135 0.14 0.145 0.15 0.155 0.16 0.165 0.17
M, 1

I I I I I N
0.135 0.14 0.145 0.15 0.155 0.16 0.165 0.
1

17

(b) ()

Figure C.3: Results of AMj, fits in the simulation for (a) D** — D7 *, (b) D** —
D79 and (c¢) D*® — D0,



Appendix D Eycr, shapes

Other possible sources as the cause of the discrepancy in Egcy, are investigated to under-
stand the tension. These include:

e 710 from D decay, where the discrepancy in Fgcr, would vary per D decay mode. This
is no dependency observed.

e radiative photons, where the discrepancy in Fgcy, would vary per lepton mode. This
is no dependency observed.

e fake photons from hadronic split-off showers, where the tension in Frcr, would change
if the amount of these fake photons are veried by validating the selection criteria of
minC2TDist variable. This is also no change has been detected.

e fraction of misreconstructed (false isSignal) By, candidates. To explain the dis-
crepancy in Fgcr, the miss-reconstruction fraction of data should be much smaller
than MC by considering the Egcy, shape difference between correctly and wrongly
reconstructed By,e candidates. The fraction of data and MC is checked with M,
and AE distributions of Biag, and misreconstructed events in data is slightly larger
than in MC. So, this hypothesis is not realistic.

e data/MC difference of FEI efficiency in each B,y mode, which should be evident if
the discrepancy in Ercr, shows dependence on the By, decay mode. This is also not
observed.

e misreconstructed Biie candidates, which can be checked if tight constraints are ap-
plied on the By, side. This is done and a dependence on whether or not B, is
constrained is not observed.

Given the listed investigations and cross-checks, none of the hypotheses can explain the

tension reasonably. The systematic uncertainty of this correction will be evaluated in
Sec. 77.



Appendix E Probability density function for sig-
nal extraction
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Appendix F Belle II constraints on New Physics
parameters

F.1 Single-operator scenarios
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Figure F.2: Favored regions according to our R(D*) result on masses and tan of a
charged Higgs boson in the two-Higgs type models (Type-II).

F.2 Two-Higgs doublet model scenarios



F.3 Leptoqruark scenarios
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Figure F.3: Favored regions according to our R(D*) result on the Wilson Coefficients
for the leptoquark models. The constraints are presented for (a)-(b) Uj-type, (¢)—(d) Si-
type, and (e)—(f) Ra-type leptoquark models, respectively. The vertical and horizontal axes
represent the real and imaginary parts of the coefficients.
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Figure F.4: Favored regions according to our R(D*) result on the real Wilson Coefficients
for the leptoquark models. The imaginary parts of the Wilson Coeflicients are assumed
to be zero. The constraints are presented for (a)—(b) Uj-type, (¢)—(d) Si-type, and (e)—(f)
Ro-type leptoquark models, respectively. The vertical and horizontal axes represent the
real parts of the two coefficients.
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