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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, , or . 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() —)=B(B ¥ DO)* —), where *
represents an electron or muon, show a tensions with the SM expectations at a significance
of 3:2 . 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 !
data collected between 2019 and 2021 at the Belle IT experiment. We find

R(D ) = 0:262 *5:03% (stat:) *3:933 (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 3:3 . Finally, we discuss possible BSM contributions in B # D~ 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 grousU(3)
SU(2) U(1)y. This invariance is maintained by introducing gauge elds that absorb
phase di erences in the complex elds, denoted by (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 e2land
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.

Figure 1.1 : Elementray particles in SM.

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

X _— .
L= (xX)i D (x); (1.1)
[

% x3 a X8

D =@+ig15B +ig2 W& +igzs G —; 1.2)
2 _ 2 _ 2

a=1 =1

where| indexes the di erent fermion elds (quarks and leptons) in the SM,and = Y ©

represents the Dirac adjoint of the fermion eld. The constants g;, g, and gz are the
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coupling constants for theU(1)y, SU(2), and SU(3) gauge elds, respectively. The charges
of the fermions are listed in Table 1.1.

Table 1.1 : Charge of fermions

Charge
1 1 1 gl gz g3
uL . CL ' T . 1
= 1 1
d SL b, 6
UR Cr tr % 0 1
dr SR b % 0 1
e;L L L % 1 0
€L L L
er R R 1 0 0

The SU(2) U(1)y symmetry is broken down to U(1)gm gauge symmetry through
spontaneous symmetry breaking. This symmetry breaking allows gauge elds to have
masses. One of th&&U(2) gauge elds, W3, and the U(1)y gauge eld, B , are recombined
as follows:

A
z

W3sin w + B cos w; (1.3)
W3cosw B sin w: (1.4)

where sin  represents Weinberg angle, de ned a:glzp (91)2+(g2)2. The eld A cor-
responds toU(1)gm gauge eld and preserves gauge invariance. Physically, the gauge
boson corresponds to the photon, which has a zero mass. On the other hand, three elds
W =(1= 2)(W! iW?) and Z° correspond to gauge elds that break gauge invariance
among theSU(2) U(1)y invariance. Their gauge bosons, known as weak bosons, acquire
non-zero masses.

The transitions that change quark avors 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 avors through the weak interaction.
This matrix is a 3 3 matrix for three generations of quarks:

0 1
Vud Vus Vub

Vekw = %Vcd Ves Vcbg : (1.5)
Vid Vid Vip

Each element of the matrix, V; , represents the probability amplitude for a transition from
ani quark to aj quark. The complex phases in the CKM matrix allows for CP violation.

! Charge-conjugate modes are implied throughout the thesis.
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This CP violation induced in the quark sector is quanti ed by the Jarlskog invariant,
J =(3:08"%13) 10 5[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.

" 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
modi cation to incorporate neutrino mass.

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 signi cantly more
matter than antimatter. The Standard Model lacks a robust mechanism to explain
how this asymmetry arose.

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 8 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 aw boson, as
shown in Figure 1.2. The e ective Lagrangian is described as [2]

4G -
Le = %vcb(é P PL )+hc (1.6)
Here the fermion eld = c;b;l; | denotes the Dirac spinor =(  ; r), WwhereL andR

indicates the chirglity of the fermions. The lepton | is eithere, , or . The Fermi constant
Gg is de ned as ?A 2=8)g2,=m3, , where gy represents theSU(2) weak coupling constant.
The left- and right-handed projection operators areP_.r = (1 5)=2. The 5 matrix is
denedasi ©123= j 415 3.

Since the mediatorW boson is signi cantly heavier than the initial B meson, semilep-
tonic B decay is e ectively 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]:

M2 X
2

w2 te (wLL@oHgC@ A

G
| 2. - F
M b )(q ) |) pEVCbMW
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DO

b C
BO
d——<—d

Figure 1.2 : Feyman diagram of semileptonicB decays.

where

Ll (% )= (@ w) I onmi(p )T (X 5) -0 (1.8)

and
E

D
H2 ()= (a w) DO(Ppor: p)) T (1 5)bB(ps) (1.9)

represent leptonic and hadronic currents, respectively. Herep. .5().z denotes the four-
momentum of each particle. The square of momentum transfer to the lepton systemg?,
is de ned as

F=(p+p)°=(ps Pp )% (1.10)

and | is the angle between the momentum of the charged lepton and@ meson in the
virtual W rest frame. The helicity of the W boson, , takes values , 0, and s, where
s represents the scalar state of the virtualW boson. The helicity w = s corresponds to
zero. The metric factor ( w) is

8
( )_<1 (w= :0) e
w : %’gﬁq My 1 (w=9): :

w

and (q) denotes the polarization vectors of the virtual W boson.
The leptonic matrix elements L 'W (o?; |) are expressed as [2]

L' (@ )= " 2mwsin | (1.12)
L (g% 1)=2mvcos |; (1.13)
Li(d% )= 2my; (1.14)
P —
L (of; )= 202v(1 cos )); (1.15)
p —
Lo(d% )= 2 c?v(l cos); (1.16)
L (0% 1)=0; (1.17)
where
S
m2
v= 1 q—z': (1.18)
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The interaction between a pseudoscalar meson and a vector meson is generally charac-
terized by a vector current V (g?), and three axial currents Ag(o?), A1(0?), and Ax(g?). The
hadronic matrix elements for the vector and axial vector current operatorsinB! D ~ —
decays are given with these currents.

Lepton avor 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 avor universality (LFU).
This LFU is supported by numerous experimental results in tests at a wide range of energy
scales involving decays of on-shelWV 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 semileptoni® decays to an electron or muon with the
following ratios:

BB! De -
R(D Je= = 581 O (1.19)
BB! Xe —
R(X)e= = 55 Xe —; (1.20)
B B! Ke'
R(K)e= = B(B I Ke+e ); (1.21)
R(K )ee = :((s !! KK € )): (1.22)
R(pK)e. = DL 0! PKeTe ), (1.23)

B(p! pK * )

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 |l experiment
performs the test with comprehensive sets of angular symmetry and it reveals that there
is no signi cant LFU violation between electrons and muons [18]. Thus, the lepton avor
universality between light-lepton avors is strongly substantiated by these measurements.

Measurements of R(D())

The universality between the heaviest lepton and light leptons is challenged by several
measurements in semileptonicB decays. The BaBar [19, 20], Belle [21{24], and LHCb
experiments [25, 26] measure the ratio of branching fractions of the semileptoniB decays,
de ned by:

R(D) = : (1.24)

D

D

D
R(D )= 5 : (1.25)
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where ~ represents a light lepton, e or
Table 1.2 The global average of the measurements exhibits a:3 discrepancy from the
— decays compared
to B! D() — decays is known as theR(D()) anomaly. That could indicate BSM

SM prediction, as shown in Figure 1.3 [27]. This excess iB !

contributions.

DO)

The experimental results are summrized in

Experiment decays R(D ) R(D) Correlation
BaBar [19, 20] ! - 0:332 0:024 0:018 0440 0:058 0:042 0:27
Belle [21] ! - 0:293 0:038 0:015 Q375 0:064 0:026 0:49
Belle [22, 23] ! 0:270 0:035%:953 | |

Belle [24] ! - 0:283 0:018 0:014 Q307 0:037 0:016 0:51
LHCb [26] ! - 0:281 0:018 0:024 Q441 0:060 0:066 0:43
LHCD [25] ! * 0:257 0:012 0:018 | |

Table 1.2 : Summary of R(D()) measurement results performed by the BaBar, Belle, and
LHCb experiments. The rst and second uncertainties are statistical and systematic.

Figure 1.3 : Summary of R(D()) measurements and a preliminary average oR(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

We considers the e ective operators representing BSM contributions to semileptonicB
decays as shown in Figure 1.4. The e ective Hamiltonian for BSM contributions is described

{6



as [? ]

4Gg

He = {)?Vcb[(l + CVL)OVL + CVR OVR + Csl_ OSL + CSR OSR + CTOT]; (1.26)
where
Oy, =(T PLB(T PL ), (1.27)
Ow =(C PrB(™ PL ); (1.28)
Oy, =(CPLb(PL ); (1.29)
OVR = (CPRb)(<P|_ ); (130)
Or=(c P P ) (1.31)
BSM
b c
BO S _ DO

d—<——d

Figure 1.4 : Feynman diagram ofB'! D() — decays with e ective operators of BSM.

From the e ective Hamiltonian in Eq (1.26), the dierential branching fraction of
B! D() — decays is obtained as7 ]

d(B! D 7)_ GEJVcbizquW 1 m? ?
dc? 192 3m3 P P
. . m?2 3m?
(j1+ Cy + Cwj? 1+ 27 Hao + EFH\Z/;t

3. .
+ EJCSL + CSRJZHé
2
+8jCrj2 1+ 2:; H2
m
+3Re[(1+ Cy, + C\)(Cg, + CSR)]F’?HSHV;I

m
12Re[(L+ Oy, + Cu)CrIP 5 (HrHvo) & (132)

and
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d(B! D — G2jVep? P — m2 2

dP ~ 192 3m3 ¢ 7
. > m? 3m?2
(j1+ Cy j®+iCwj?) 1+ 2@ (H\2/;+ + H\%; + H\%;o)‘F E?H\%:t
m2 3m?
2Re[(1+Cy)Cy] 1+ 55 (Hio*+2HvieHy; )+ 5 o HG,

3. .
+ EJCSL CSRJZHé
2

+8jCTj2 1+ 2:; (H12';+ + H12'; + H12';0)
m
+3Re[(1+ Cy, Cy, )(CSL CSR )]PﬁHSHV;t

m
12Re[(1+CVL)CT]F’é(HT;OHV;O+ Hr+Hv+ Hr Hy;)
: . m
+:I-ZRGJCVRCTJ’faf—z(HT;OHV;O"‘ Hr+Hy;  Hr Hyw) @ (1.33)
q

Form factor description based on Heavy quark e ective theory [28] is utilized and
integrated out over the variable ¢?. The BSM contributions to R(D ) are expressed as a
ratio over the SM prediction [29]:

R(D . . . . . . .
R ) = j1+ Cy j?+ jC\j2+0:04Cs, Cs.j%+16:0iCTj?
R(D )sm

1:83Re[(1+Cy )Cy,] O11Re[1+Cy  Cv)(Cs, Cs.)l

5:17Re[(1 + Cy, )Cy] + 6:60Rely, Cr]: (1.34)

1.4 This dissertation

We perform the rst R(D ) measurement at the Belle || experiment. This result marks the
rst test of the LFU with semileptonic B decays involving decays, utilizinge" e collision
data from the Belle 1l detector at the SuperKEKB collider. Using a new data set from the
Belle Il experiment, this measurement enables a statistically independent examination of
the R(D ) anomaly, augmenting the previous measurements. It contributes to the search
for NP e ects violating LFU in semileptonic B decays. In our analysis, we introduce a
novel B reconstruction method as aB 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-prole R(D ) anomaly with an
uncertainty comparable to the previous measurements.

| have led the establishment of an analysis framework for thilR(D ) measurement with
the early data set at the Belle Il experiment and played a pivotal role in its development
across all analysis steps. My contribution includes developing a reconstruction algorithm for
B! D ~— andB! D " — decays, optimizing selection criteria for those candidates,
validating simulation with sideband data, formulating procedures of the signal extraction,
evaluating systematic uncertainties, and deriving the nal results.

{8{



This dissertation is organized as follows. Section 2 describes the SuperKEKB acceler-
ator and the Belle Il detector. Section 3 outlines our analysis strategy. Section 4 provides
details of the data sets and the selection criteriafoB! D ~ andB! D ° — 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)R(D )
measurements at Belle 1l and the implications for new physics parameters. Finally, the
dissertation concludes in Section 11.

{91



2 The SuperKEKB/Belle Il 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 signi cant 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 Il detector at the center-of-mass
(c.m.) energy s = 10:58 GeV, corresponding to the energy of (4S) resonance. The
SuperKEKB accelerator achieves the world's highest luminosity of 4 10%® cm ?s 1 in
2022. The processes'e ! BB ande'e ! qg(q= u;d;s;0 have cross-sections of
1:1fb ' and 37 fb 1, respectively. The (4 S) resonance decays intd3 meson pairs with
a branching ratio of > 96% [1].

Figure 2.1 : The SuperKEKB accelerator. © KEK

2.2 The Belle Il detector

The Belle Il 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 Il detector. From the
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Figure 2.2 : The Belle Il 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 identi cation detectors, an electromagnetic calorimeter, and a KE
and muon detector. The electromagnetic calorimeter is surrounded by a superconducting
solenoid magnet with an inner diameter of 36 m that provides a 15 T uniform magnetic
eld. The Belle Il adopts a cylindrical coordinate system. The z-axis aligns with the
solenoid magnetic eld and points approximately parallel to the momentum direction of
the electron beam. Thex and y axes are oriented in the horizontal and vertical directions,
respectively. The polar and azimuthal angles are denoted by 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 am-type silicon semiconductor, it
generates an electron-hole pair charge. By applying voltage, the-type semiconductor
becomes depleted. The PXD, utilizing a Depleted Field E ect Transistor (DEPFET),
stores the produced electrons in the internal gate. The gate voltage of the DEPFET, which
uctuates 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 then-type and p-type silicon semiconductor along the electric
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