PhD Thesis

Measurement of Branching Fractions of B — X7/~ Decays at
the Belle II experiment

(Belle 11 SEERIZ B 2 B — X 10 @FED FHE S IO HIE)

Yo Sato

Department of Physics

Graduate School of Science
Tohoku University

2020






Abstract

The inclusive B — X070~ decays are a great probe to search for physics beyond the standard model
(SM) of particle physics. The process is a flavor-changing-neutral-current (FCNC) process which proceeds
via loop diagrams in the standard model and thus are strongly suppressed. Since a new heavy particle
might be able to enter the loop, the FCNC is sensitive for new physics. Moreover, B — X /T¢~ decays
provide complementary information with less hadronic uncertainty to the exclusive B — K®) ¢/~ decays
in which tensions from the SM prediction have been observed. Belle II is a unique experiment to explore
the process with large statistics to shed light on the anomalies.

We performed the measurements of the branching fractions of B — X, ¢T¢~ decay using the data
set accumulated by Belle II experiment which corresponds to 37.7 million BB pairs. This is the first
measurement on B — X,¢T¢~ at Belle II experiment. The obtained results are

B(B — X.eTe™) = [4.867275 (stat) T 592 (syst)] x 1076 (1)
B(B — Xutp™) < 4.67(5.61) x 1075 at 90%(95%) CL (2)
B(B — X 0T07) < 5.54(6.30) x 107¢ at 90%(95%) CL (3)

Because the statistical significance on B — X,u"pu~ and B — X, £T¢~ is less than 20, the upper limit on
the branching fraction is set for these modes. The branching fraction of B — X,ete™ and B — X utpu~
is consistent with previous measurements and the SM prediction. Result of B — X7/~ is consistent
with the world average, Belle measurement and the SM prediction, while the difference from BaBar is at
1.40 level.

The analysis procedure of B — X £T¢~ decays at Belle II experiment well established and we have
got ready to lead decisive conclusions regarding the anomalies which are observed in the exclusive B —
K¢t ¢~ decays with upcoming Belle II data.
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Chapter 1

Introduction

The Standard Model (SM) of elementary particle physics is an outstanding theory to match various
experiment results. The SM consists of quark and lepton which compose matter, gauge interaction, and
the Higgs mechanism. Higgs boson which was the last piece of SM has been discovered in ATLAS and
CMS experiment in 2012 [18] [19]. Despite great successes, the SM is thought to be not perfect theory.
There remain some open questions, for example, absence of the dark matter candidates, and a description
of gravity is not included in the SM. Therefore, the effort to search for physics beyond the SM from both
experimental and theoretical aspects is highly motivated.

Experiment with high energy accelerator is a promising tool for new physics exploration. There are
two kinds of experiments in this field, energy frontier experiment and intensity frontier one. In the energy
frontier experiment, a direct production of new particles is main target process. Some new physics models
such as supersymmetry (SUSY) [20] [21], 22] 23] 24] [25] predict new heavy particles. The highest centre-
of-mass energy is around 13 TeV by LHC (Large Hadron Collider) and mass reach at ATLAS and CMS
experiments for new heavy particle is O(1) TeV. Figure shows the mass reach for SUSY at ATLAS.
Currently, no evidence of new particles is observed, which may suggest new physics candidates exist
higher than O(1) TeV.

While, the intensity frontier experiments perform precise measurements with high statistics data to
probe new physics. One of the most promising processes in the intensity frontier experiments is the flavor-
changing-neutral-current (FCNC) process, such as a b — s¢T¢~ transition. The FCNC is suppressed in
the SM and proceeds mainly via loop diagrams. New heavy particles might be able to enter the loops
or even proceed the FCNC process at tree diagram level, which leads deviations on observables from the
SM prediction.

In the analysis of B — K®)¢t¢~ decays, which is proceeded by b — s¢t¢~ at the quark level,
some tensions with the SM have been reported by LHCb [3] [26] [27], Belle [4], and ATLAS [28]. The
deviation from the SM in an angular observable, so-called P, in B — K*utpu~ decays is at 2.90 level
[3]. In the measurement of the ratio of branching fraction between muon modes and electron modes
Rgey = B(B — KW yutp=)/B(B — K®putp~), the deviation at 2.50 level has been observed [26]
[27]. The mass scale of new physics behind the anomalies is O(10) TeV which is much higher than the
centre-of-mass energy of Belle and BaBar. Furthermore, these measurement may imply a violation of the
lepton flavor universality (LFU). In the SM, three charged leptons e, i and 7 are identical except for the
Yukawa couplings and thus masses. The LFU violation is a clear evidence of physics beyond the SM and
may provide a hint for the fermion generation problem.

Inclusive B — X ¢1t¢~ decays provide a complementary information to exclusive B — K®)¢t¢—.
The hadronic uncertainties in inclusive decays are under better control and are largely independent of
those in exclusive ones. All existing B — X,¢T/~ measurements are highly statistically limited due to
the limited data sample. The Belle II experiment, which is a successor of Belle, is a unique experiment
to perform measurements on inclusive B — X /¢~ decays. Sensitivity at Belle II with full integrated
luminosity is expected to be sufficient to play a decisive role to search for new physics.

In this paper, we report the measurement of the branching fractions of B — X /7/~ decays at Belle
II experiment. We use a data sample containing 37.7 x 106 BB pairs corrected by Belle II with the
SuperKEKB accelerator. This is the first measurement on B — X /¢~ decays at Belle II and opens a
new era in the flavor physics.
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FIG 1.1: Mass reach of the ATLAS searches for SUSY.

The outline of this thesis is as follows. The physics motivation of this thesis and measurements on b —
s¢T4~ are described in Chapter The Belle IT experiment and SuperKEKB accelerator are explained in
Chapter ] An overview on the analysis procedure is given in Chapter 4} Event reconstruction procedure
is described in Chapter |5 Methods of background suppression and peaking background estimation are
described in Chapter[6] A method of the branching fraction extraction is explained in Chapter[7] Sources
of systematic uncertainty are listed and estimation methods are decried in Chapter |8l Measurement of
the branching fraction on B — X,J/ib control samples is shown for validation of the analysis procedure
in Chapter[9] Obtained results of the branching fraction of B — X /¢~ and discussion are described in
Chapter Finally, we conclude this paper in Chapter

o)



Chapter 2

Physics Motivation

2.1 Overview

The goal of this thesis is to perform the measurement of the branching fraction of B — X /T¢~ decays
as the first measurement on the B — X, £T¢~ process at the Belle II experiment.

Radiative penguin b — s(d)y decay and electroweak penguin b — s(d)¢{*¢~ and b — s(d)vv decays
are FCNC processes. Thanks to the presence of photons and leptons in the final state, the size of non-
perturbative QCD corrections can be reduced compared with fully hadronic decay. Figure shows the
SM Feynman diagrams of these decays. In the SM, t-quark and weak bosons Z° W* which are much
heavier than b-quark mediate the process. New heavy particles may enter the loop or even proceed via
tree diagrams, which induce a deviation on observables with the SM prediction. Thus, these processes
are a good probe to search new physics.

The B — K{1¢~ decay has been firstly observed by Belle in b — s£ ¢~ transition [29]. The branching
fraction of b — s¢T¢~ is O(107%) which is two orders of magnitude smaller than b — sy because of
additional vertex leading e, factor. On the other hand, due to the two leptons, an angular analysis can
provide rich information to explore new physics. In this chapter, we introduce the theoretical framework
and measurements on b — s¢+{~.

¢ £ f v v v
y
w w Y/Z // / w Z P
¢ Voow w
b s/d b sid bW WS sid b s/d b s/d
t t t t t

(a) b — s(d)y (b) b— s(d)ete (c) b — s(d)vv

FIG 2.1: Feynman diagrams of radiative and electroweak penguin decays in the SM. (a) b — s(d)y, (b)
b— s(d)te, (c) b — s(d)vv

2.2 Effective Hamiltonian

Flavor changing process is described from wide mass scale from Aqcp ~ 400 MeV over my ~ 4.3 GeV
to My = 80.4GeV and M; ~ 165GeV. In scale of m; and above, the QCD effects can be calculated
with perturbation theory, though it is difficulty for the dynamics associated with the energy scale Aqcp.
The effective Hamiltonian is described using the operator product expansion technique to separate these
different scales [30] |31] [32]. In this framework, the effective Hamiltonian for b — s transitions in the
SM are given by [33]

4Gk
V2

where G'r is the Fermi constant, A7 is a product of CKM matrix elements such as Aj = V4, Vi3, and p is the
energy scale at which the calculation is being performed. There is the unitary relation, A + A2 + A =

10 2
Ha' = XD Cim)Oi(p) + X5 > Ci() (O3(p) — O () (2.1)
=1 i=1
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0. The O; are local operators providing the “long-distance” descriptions. The each operator has an
associated Wilson coefficient C; which describes “short-distance” physics with the perturbation theory.
The Wilson coefficients C; are evaluated at a scale uy which is of the order of the W-boson mass. The
renormalization group equation can be used to evolve the C; to the scale u;, which is of the order of the
my.

Expressions of the current-current (O; 2), photonic dipole (O7), gluonic dipole (Os), and the vector
and axial-vector of electroweak penguin (Oy and O;¢) are described as follows:

Oy = (ST ) (Ey"Tyr), (2.2)
O = (5ryuer)(Cny*br), (2.3)
07 = #mb(ngﬂubR)Fuu; (2.4)
Os = 15 mb(510" TbR) Gl (2.5)
Oy = 15 mb(F17b1) %:(ZW), (2.6)
Oy = #mb(gL’Ypr) Z(Z’Y”’M)- (2.7)

L

where T%are the SU(3). generators, F),, and Gf,, are the photon and gluon field-strength tensors. The
subscripts L and R represent the chirality of the quark fields. The operators Of , are obtained from O o
by replacing the c-quark by u-quark fields. The sums run over the quark flavors ¢ = u, d, s, ¢, b. The same
set of operators for b — d processes can be written by replacing s-quark and d-quark fields. The values
of the Wilson coefficient C 2 ~ 1 at the y scale. In comparison, Cs 45 ¢ are very small at the scale and
hence contributions from the four-quark (O3 4,56) operators

O3 = (Spy.b1) Y _(@"q). (2.8)
q
01 = (517T) Y@ Tq), (29)
q
O5 = (519 YuaYuabr) Y _ (@127 q), (2.10)
q
O6 = (51 Y Vs T0L) > (@795 T7). (2.11)

q

can be neglected. In the electroweak penguin decays b — s¢T¢~, the operators Oz g 19 are the most
relevant. Figure shows the Feynman diagrams of b — s¢T¢~ process in the Effective Hamiltonian
framework. The values of Wilson coefficients are followings, C7(u,) = —0.330, Co(pp) = 4.069, C1o(pp) =
—4.231 [34] [35]. The effects of new physics beyond the SM can appear through modified values of Wilson
coefficients and/or through additional operators with different chirality or flavor structure.

Y £

07 O9,10
(a) O7 contribution (b) O9,10 contribution

FIG 2.2: Feynman diagrams of b — s¢*¢~ process in the Effective Hamiltonian framework. (a) Oy
contribution, (b) Oy 19 contribution.
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2.3 Inclusive B — X /7(~ decays

Inclusive B — X, {74~ decays, where X, is an inclusive hadronic state including a s-quark, provide
information to the b — sfT¢~ process with good theoretical predictions. Compared with exclusive
B — K¢t~ decays, the hadronic uncertainty is under better control. Complementary information to
the exclusive decays can be provided to shed light on the anomalies.

There are two main kinematic variables in B — X £1¢~, the di-lepton invariant mass-squared ¢ =
M+, and the angle between direction of /T [(~] and initial direction of B® or B~ [B® or B*] in the di-
lepton centre-of-mass system 6,. Two observables have been discussed in inclusive B — X, ¢T¢~ decays,
the ¢% spectrum dI'/dg? [36] and the forward-backward asymmetry dArp/dg® [37]. They are mainly
related to C7, Cy and C1¢ and can be derived at lowest order as followings,

dr’ 4
i Comi (1 — s)? |:(|Cg|2 +|C1o/?)(1 4 25) + g|C7|2(2 +5) + 12Re(0;09)] , (2.12)
dApp Loooaqr 3 ) 2
e = /_1 dzmmgn(z) = —3Cym;(1 —s)*sRe [ Cio | Co + ;07 . (2.13)
where s = ¢>/m3, z = cos 0, and
G% o2 9
Fo = g5 162 V0Vesl (2.14)

An agular decomposition provides a third observable which has different dependency to the Wilson
coefficients. The double-differential decay width can be written as following [3§].

d’T 3
dq?dcos 0y = g[(l + cos? 0p) Hr (%) + 2 cos 0, H a(q%) + 2(1 — cos® 0¢) Hy (¢*)] (2.15)

The ¢? spectrum and the forward-backward asymmetry can be derived from the functions H;(q?),

dr

d?z Hr(¢%) + Hr (g%, (2.16)
dAFB . 3 9
i 1 Hal@). (2.17)
The functions H;(¢?) are
2
Hr(¢*) =Tom} - 2s(1 — 5)? [(09 + gC7|2 + |010|2} , (2.18)
Hp(q*) =Tomj - (1 —s)? [(|Co + 2C7|* + |Cro[?] (2.19)
2

Ha(q?) = fgfomg’(l —5)%sRe (Clo <Cg + 507)> . (2.20)

Additional information on the Wilson coeflicients can be obtained from the lepton flavor universality
test observables,
: dT(B= X ptpu~
qqgl dg> %
5 —.
fq%l dq2 dI'(B—X.ete)

Rx, 45, q1) = (2.21)
dq?

Prediction of Rx, in the SM is unity with high precision due to the lepton flavor universality. Taking

interference BSM effect with the SM into account, Rx, can be approximated by [39]

Rx, ~1+ (AL +A)/2, (2.22)
- 2 SM( NP ‘n SM (~NPe e
Ay = |C§M‘2 T |Cls(1)v[|2 Z Re (Cl (Cz +C; )) + Z Re (CZ (C; +C; )) (2.23)

i=9,10 i=9,10

C" is the Wilson coefficient of the chirality flipped operator which is zero in the SM. The labels SM and
NP denote the SM and new-physics contributions, respectively (CNF = C' — CSM),
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Measurements of B — X (T(~

Belle and BaBar experiments have already performed measurements on B — X /¢~ [40] [17] [2] [41]
[16]. So far, all measurements are highly statistically limited due to the small branching fraction and
limited data sample.

The branching fraction has been measured in Belle using 152 x 10 BB pairs [17] and in BaBar
using 471 x 106 BB pairs [16]. The measurements and world average by Heavy Flavor Averaging Group
(HFLAV) [1] is summarized in TABLE The SM prediction on the branching fraction is shown in
TABLE [42] [35]. All measurements are consistent with the SM predictions. While measurement
of Rx, has not been performed in previous experiments, the measurements of the branching fraction at
BaBar correspond to Rx, = 0.5770 1% assuming the systematic uncertainties are negligible in the Ry,
due to taking ratio. The difference from the unity is at 2.40 level. This is also consistent with the trend
of Ry ) anomalies which are discussed in the following section. Belle IT will perform measurements using
large statistics leading smaller statistical uncertainty.

TABLE 2.1: Measurements of the branching fraction on B — X /T¢~ decays.

Experiment

B(B — Xsete™) [1079)

B(B — X.utp™) [1079]

B(B — X £T¢7) [107°]

Belle (My+,- > 0.2GeV)

BaBar (M2 ,- > 0.1GeV?)

World Average (HFLAV)

0.87
4.05 £ 1301554

+0.82+4-0.71
7'69—0.77—0.60

6.67 = 0.82

4.13 £ 1.05708
1.314-0.63
4'411_1,17t0.50

4.2710 0

4.11+£0.8370%
+0.70+0.60
6'73—0.64—0.56

5.84 +0.69

TABLE 2.2: The SM prediction of the branching fraction on B — X ¢+~ decays.

B(B — Xsete™) [107]
6.89 £1.01
4.240.7 (Mg+g— > 0.2 GeV)

B(B — Xy i) [10°°] | B(B — X,£+0) 10 9]

4.15+0.70 4.18 £0.70

The forward-backward asymmetry is firstly measured in Belle using 772 x 10° BB pairs [2] as a
function of ¢2. Figure shows the measurement of the forward-backward asymmetry and the SM
prediction. The measurement is consistent with the SM prediction.

To shed further light on the anomalies which are observed in exclusive modes, precise study on
inclusive B — X,¢T¢~ is important. The B — X ¢/~ decays are reconstructed with a sum-of-exclusive
method, in which X is reconstructed from a lot of exclusive final states. High reconstruction efficiency for
stable particles are essential for multiplicity final states. The B-factory experiment at a electron-positron
collider is suitable for the analysis on B — X,¢T¢~ thanks to the low background environment. Belle IT
is a unique experiment to achieve the measurements on B — X /¢~ with large statistics. Thanks to the
large statistics, angular decomposition measurement, which has not performed due to small statistics,
will be performed in Belle II.

Also a fully-inclusive reconstruction method of B — X,¢T¢~ decays, which has been used in B —
X7y decays, is being explored with dedicated simulation studies. Only di-lepton £7£~ is reconstructed
explicitly and X state is obtained as the recoil in this method. Efficient background suppression is key
to the success.

2.4 Exclusive B — K®¢t¢~ decays

In the exclusive B — K®)¢t¢~ decays, ¢% and 6, are also important kinematic observables. In addition
to them, two helicity angles 6k and ¢ can be used in B — K*(— K7 )¢t~ decays. The 0 is the angle
between the direction of K [K| and that of B [B] in the rest frame of K* [K*] and ¢ is the angle between
the plane defined by the di-lepton pair and the plane defined by the K in the B-meson rest frame.
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FIG 2.3: Measurement of the forward-backward asymmetry in Belle [2]. Black dots with error bars
represent the measurement and curve (black) with the band (red) and dashed boxes (black) shows the
SM prediction. The backgrounds form J/i (— ¢7¢7) and 1(25)(— £~ ) events have been vetoed by
rejected events in the teal hatched regions. For the electron channel, the pink shaded regions are added
to the veto regions due to the large bremsstrahlung effect.

~—

Following the definition given in [43], the C P-averaged angular distribution can be written

1 d (T +T) 9 [3 )
— = —— |>(1 - Fp)sin® 0k + Fy, cos® 0
(T 1 T/dg?) dgPdcos bdcosOrdp  3zm (400 FE)sin O+ Fr cos™ O

1

+ Z(l — Fp) sin? 05 cos 20,

— Fy, cos?® 0 cos 26, + S3 sin? O sin? 6, cos 2¢

+ Sy sin 20k sin 26, cos ¢ + S5 sin 20 sin 6, cos ¢

4
+ §AFB sin? O cos 8, + S7sin® O sin 6y sin ¢
+ Sy sin 20 sin 20 sin ¢ + S sin® O sin? 6, sin 2(;5] . (2.24)

where Fp, is the fraction of the longitudinal polarication of the K* meson and S; are CP-averaged
observables [43]. To cancel the B — K* form-factor uncertainties, other notation of observables are also
defined.

Plses= _ Dases .
B \/FL(I—FL)

Each observable has independent dependence to the Wilson coefficient and can be compared with the
SM prediction. The exclusive B — K*¢*{~ provides rich information to set constraints on the Wilson
coefficients from these observables.

In analogy to Rx_, the lepton flavor universality observables Ry (.) have additional information to the
Wilson coefficient.

(2.25)

@ g2 EB=K Dt )
2 Y dq?
5 —.
g7 ; 9dl'(B—>K®ete~)
fq% dg dq?

Ry [qg, Qf] = (226)



8 2.4. EXCLUSIVE B — K®¢+t¢= DECAYS

Even though they are also estimated to be equal to unity in the SM, they have other chirality dependency
due to the polarization. In lowest order, they can be written using A

RK ~ 1 +A+,
RK* ~ 1 —|— A_;’_ —p(A+ — A_)

(2.27)
(2.28)

where p ~ 0.86 is the so-called polarization fraction of the K*. To solve the chirality structures of lepton
flavor universality violating new-physics, the correlation of Ry, Rk~ and Rx, is important. Furthermore,
the double ratios of these variables provide theoretically clean information [39)].

Measurements of B — K®)(+¢~

Exclusive B — K )¢/~ decays are reconstructed from long-lived particles which can be directly recon-
structed and intermediate particles such as K*, K9, 7% which are formed from the stable particles. The
B-factory experiments, Belle and BaBar, have advantages on the reconstruction efficiency on electron
modes thanks to the high resolution electromagnetic calorimeter. Also the neutral particle such as -, 7°
and K9 can be detected efficiently. Experiments with hadron collier, such as LHCb, CMS, ATLAS, and
CDF have large statistics of B meson and high muon reconstruction efficiency, and thus an advantage on
the muon modes.

The branching fraction of B — K)/*¢~ has been measured in BaBar [44] [45] and Belle [46].
The CDF experiment has also performed measurement on B — Kt~ [47]. The world average by
HFLAV [I] on the branching fraction of B — K®)¢*¢~ is shown in TABLE TABLE shows the
SM prediction on the branching fraction [42] [35]. The uncertainties on the predictions are large compared
with those of B — X ¢1¢~ shown in TABLE due to the irreducible form factor uncertainty.

TABLE 2.3: Measurements of the branching fraction on B — K¢/~ decays averaged by HFLAV [1].

Mode ete” [1079] | prp= [107°] | £F¢~ [1079]
B— K¢~ | 044+0.06 | 0.44+0.04 | 0.48+0.04
B — K*(te- 1197047 | 1.06 £0.09 | 1.05+0.10

TABLE 2.4: The SM prediction of the branching fraction on B — K®*)¢*¢~ decays.

Mode ete” [1076] | ptp~ [1079]
B — Kot~ 0.35 £0.12 0.35 £ 0.12
B — K*¢t¢— | 1.58+0.49 1.19 +£0.39

In the angular measurements and the lepton flavor universality tests, anomalies have been observed
on the decays by many experiments. As shown in FIG LHCDb experiment has reported a discrepancy
in the P! variables with B® — K*u*pu~ decay at 2.50 and 2.90 level in the 4.0 < ¢ < 6.0 GeV? and
6.0 < ¢> < 8.0 GeV? regions, respectively [3]. Belle experiment has performed the angular analysis using
B — K*ete™ and B — K*utp~ separatly [4]. In the observable PZ, a tension by 2.60 in ¢* € [4, 8] GeV?
is observed in the muon mode. In the same region, the electron mode deviates by 1.30. Measurement
of the lepton-flavor-violating observables Q5 = PE;“ — P5/e has been performed in Belle for the first time.
Figure [2.5] shows the measurement Q5 which is compared with the SM prediction and a new-physics
model given in [5].

LHCb measurements of Rx = 0.84670 95070010 in ¢? € [1.1,6.0] GeV? [26] and Ry~ = 0.6970 51 +£0.05
in ¢? € [1.1,6.0] GeV? [27] deviates by 2.50 and 2.50 from the unity. Measurement on BaBar [45] and Belle
[46] are compatible with the SM prediction and the LHCbD results. Figure summarizes measurements
on RK and RK*.
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FIG 2.4: Measurement of the C'P-averaged observable P in LHCb [3]. Black dots with error bars
represent the measurement and orange boxes show the SM prediction.
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bars represent the measurement. Blue boxes show the SM prediction and orange boxed show a prediction
in a new-physics model [5]
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FIG 2.6: Measurement of the lepton-flavor-universality test observables Rk (Left) and Rg~ (Right).

2.5 Constraints on the Wilson coefficients

A model-independent global fit based on the Effective Hamiltonian framework is powerful way to search
for new physics. In addition to the measurements which are discussed in previous sections, other mea-
surements on By — ptpu~ [48] [49] [50] and Bs; — ¢utp~ [51] are combined to set constraints on the
Wilson coefficients. Constraints on the Wilson coefficients are investigated by several groups [0] [52].
Figure shows contours in 2D planes of the Wilson coefficients given by [6]. The difference between the
SM prediction and best fit values is at more than 50 level for these three cases. Smaller Cy than the SM
prediction only in the muon mode is favored from the fits, which may imply the lepton flavor universality
violation.
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FIG 2.7: Constraints on the Wilson coefficients in (CYT#, CNP™), (CAPH, Ci), and (CYT*, CYPe) from
left to right [6]. NP denotes new-physics contribution, CN¥ = C' — CSM. The origin is the SM prediction.
The contours of each experiment correspond to the 3¢ constraint and blue contours of All Data shows
1,2, 30 constraints.

2.6 Interplay of inclusive and exclusive b — s{(~

An impact from the Belle II measurements on inclusive B — X ¢*¢~ decays with an integrated luminosity
of 50ab™! to the anomalies which have been observed on exclusive B — K®)¢t¢~ is discussed in this
section. The sensitivities for inclusive B — X ¢*£~ observables are estimated in [7]. From the branching
fraction and forward-backward asymmetry, the constraints on the Wilson coefficients Cy and Cig are
derived. Contours shown in FIG are the Belle II sensitivities for each significance. For example,
CYP(= Oy — OFF) = —1 can be excluded at 50 level if the true values are at the SM prediction.
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Figure [2.8] also shows red contours which are global fit results mainly from analyses on exclusive
decays [§]. If the true values are at the global fit result, the inclusive analyses will exclude the SM with
60 level. Moreover, the hadronic uncertainty of inclusive transition is independent with that of exclusive
decay. Thus, a cross-check of analyses on exclusive decays can be performed. Inclusive B — X /T¢~
measurements at Belle II play a critical role to search for new physics.
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FIG 2.8: Expected sensitivity on the Wilson coefficients in (C)'F,CNF) from inclusive B — X 10~
measurements at Belle II [7]. NP denotes new-physics contribution, CN¥ = ¢ — CSM. Black, red and
blue lines show 1o, 30, and 50 level constraints, respectively. Red contours show the current global fits
results at level of 1,2,30 [§].



Chapter 3

Belle 1II experiment

The Belle IT experiment at the SuperKEKB accelerator is a B factory facility at KEK, Tsukuba Japan.
The SuperKEKB is designed to collide electron and positron at the centre-of-mass energy of Upsilon
resonances. A main physics goal is to search for new physics beyond the standard model with high
precision measurements of B meson decay. Most of the data is taken at the Upsilon 4S resonance which
decays to B meson pair without fragmentation particles.

The design luminosity of the SuperKEKB is 8 x 10%% cm™2s~!, about 40 times larger than KEKB.
The Belle II experiment aims to collect data corresponding to integrated luminosity of 50ab™ ", a factor
of 50 more than the Belle experiments which is its predecessor. The Belle II detector is upgraded from
the Belle detector to take data with a 40 times higher event rates.

3.1 SuperKEKB accelerator

The SuperKEKB accelerator is a two-ring energy-asymmetric electron-positron collider. Figure shows
a schematic view of the SuperKEKB accelerator. Electrons and positrons are accelerated by a linear
accelerator (Linac) up to 7.007 GeV and 4.000 GeV, respectively. The ring to storage electrons is called
the high energy ring (HER) and the other ring to storage positrons is called the low energy ring (LER).
The two rings are crossed at the interaction point (IP) where the Belle IT detector is placed. The centre-
of-mass energy is /s = V4E,- E.+ = 10.58 GeV.

The beam size at the IP is reduced by a factor of 20, from 1 pm to 50 nm, from the KEKB design
parameter. This is known as a nano-beam scheme which is invented for the Italian super B factory
project. The beam current increases by a factor of 2 as well. Combining these two, the target luminosity
of the SuperKEKB which is 40 times larger than that of the KEKB will be achieved. On the other hand,
the beam energy asymmetry is reduced from 8 GeV (electrons) and 3.5 GeV (positrons) to 7GeV and
4 GeV to avoid the beam losses due to the Touschek scattering [53]. This leads to lower magnitude of the
boost which is essential to study time dependent CP asymmetry by measuring the spatial separation of
B meson decays.

3.2 Belle II detector

The Belle II detector (FIG [9] is a complex 47 detector which consists of following sub-detectors.
e Vertex detector (VXD)
e Central Drift Chamber (CDC)

e Time of Propagation (TOP) counter

Aerogel Ring Imaging Cherenkov (ARICH)

Electromagnetic Calorimeter (ECL)
K9%-Muon detector (KLM)
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FIG 3.1: Schematic view of the SuperKEKB accelerator.

The detector is designed forward-backward asymmetrically so that boosted particles due to the asym-
metric beam energy can be reconstructed effectively. The superconducting solenoid magnet is placed
between ECL and KLM and creates a uniform magnetic field of 1.5T.

B meson and other heavy particles immediately decay to stable particles. To study properties of B
meson, the Belle IT detector is required to measure energy and momentum of these particles, detect the
vertex position, and identify the type of particle. The Belle II detector is upgraded to perform in one
order higher background condition than the predecessor. The data acquisition (DAQ) systems are also
modified to take data with 40 times larger event rates.

3.2.1 VXD

The Vertex detector (VXD) is placed at the innermost of the Belle IT detector. The VXD is a six layers
system to measure the decay vertices. It consists of two inner layers of the pixel detector (PXD) and four
outer layers of the silicon vertex detector (SVD).

The PXD is composed of two layers of pixelated sensors with DEPFET (DEPleted Field Effect
Transistor) which allows to make detector thin (50 pm). This helps to reduce the multiple scattering
thanks to low material budget. The radii of two layers are 14 mm and 22 mm, which are smaller than
the Belle vertex detector which was made of silicon strip. The schematic view of PXD is shown in FIG
While the vertex resolution is expected to be improved, the background rate increases considerably.
The pixel detector is newly introduced to sustain higher hit rate.

The SVD is composed of four layers of double-sided silicon strip detector. The radii of four layers
are 38 mm, 80 mm, 115 mm, and 140 mm. The longitudinal section of SVD is shown in FIG In
comparison, the outermost vertex detector of the Belle detector is placed at a radius of 88 mm. With
the large vertex detector, the significant improvement in the reconstruction efficiency of K% — 77~ is
expected.

3.2.2 CDC

The central drift chamber (CDC) is the main tracking device of the Belle II detector. The radius of the
CDC is extended compared to the Belle detector from 880 mm to 1130 mm because of thinner barrel
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FIG 3.3: CAD rendering of PXD.
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FIG 3.4: Schematic view of SVD longitudinal section. [9]

particle identification detector (TOP). Figure shows the comparison of the wire configuration between
Belle and Belle II. The CDC is comprised of 14336 sense wires arranged in 56 layers. There are two kinds
of layers: the axial layer which is composed of wires aligned with the solenoidal magnetic field and the
stereo layer in which wires are skewed with respect to the axial layer. As a result of two kinds of layers,
it is possible to reconstruct a 3D helix track. The momentum of a track is measured from the helix
parameter. The 50 % helium-50 % ethane gas mixture is filled.

Present CDC )

— 250 mm —>

Upgrade CDC . lt euten ..-.....,-..._.

<+«— 250 mm —

FIG 3.5: Wire configuration of Belle CDC (upper) and Belle II CDC (lower). [9]

The CDC contributes the particle identification by measuring the characteristic energy loss of charged
particles. Figure shows the energy loss dE/dx at the CDC as a function of track momentum. Two
dimensional distributions are measured in data and the black solid line shows the predictions with the
simulation. As shown in FIG the CDC provides the discrimination information especially for the
low-momentum particles. The CDC also provides the reliable information to the trigger system.

3.2.3 TOP

The time of propagation (TOP) counter is used for the particle identification in the barrel region. The
TOP is comprised of 16 modules surrounding the CDC. Each module is made of 2.5 m long quartz bar,
a prism, a focusing mirror, and the photon detector MCP-PMT. Figure [3.7] shows the schematic view of
a TOP module. The TOP measure the Cherenkov photons to distinguish particle types. The Cherenkov
angle, ¢, can be expressed by

1
cosf. = vl (3.1)
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FIG 3.6: Energy loss dE/dxz at CDC as a function of track momentum. Two dimensional distributions
are measured in data and the black solid line shows the predictions with the simulation
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where n is a refractive index and f is the velocity of particle (6 = p/E). Combining momentum and
arrival position measured by the CDC, the mass of the particles can be determined.

Focusing mirror

Quartz bar

Photosensor

FIG 3.7: Schematic view of a TOP module. [10]

The impact position and propagation time of Cherenkov photons which are reflected in the quartz
bar are measured at the MCP-PMT. Relation between impact position and propagation time is depend
on the arrival position and the Cherenkov angle 6. Figure |3.8| shows the relation between the hit time
and the position of MCP-PMT. Kaons were tagged via the decay chain D** — DOW;’EW, DY —» K—nt
where the charge of 7,0, determines which D° daughter is the kaon. The probability density functions
(PDFs) for the pion and kaon hypothesis are graphed in left side and right side, respectively. As shown

in FIG the kaon hypothesis fits much better than that of pion.

3.2.4 ARICH

In the forward endcap region, the particle identification is provided by the proximity focusing aerogel
ring imaging Cherenkov (ARICH) counter. It consists of two layers of aerogel as radiator and hybrid
avalanche photon detector (HAPD). An expansion volume of 20 cm between the aerogel tile and the
HAPD enlarges the Cherenkov photons rings. The thicker aerogel radiator provides the larger number
of detected photons, but the resolution of Cherenkov ring becomes worse due to the uncertainty of the
emission point. To prevent the degradation, two 2 cm layers of aerogel with different refractive indexes
(n=1.045 upstream and n = 1.055 downstream) are used. The produced rings are overlapped on the
detection surface. Figure [3.9]shows the schematic principle of ARICH detector.

The Cherenkov angle with a refractive index of 1.5 is shown in FIG as a function of track
momentum. The difference of the Cherenkov angle between pion and kaon at p = 4GeV/c is 23
mrad (6¢c = 308,285 mrad for pion and kaon). Figure shows the distribution of the reconstructed
Cherenkov angles for eTe™ — uu~ sample with muon momentum selection 6.4 GeV/c < p < 7.0 GeV/c,
and for the K9 — 7+ 7~ sample with pion momentum selection 1.0 GeV/c < p < 1.1 GeV/c. The position
of the large peak is consistent with the expectation shown in FIG The peak at ¢ ~ 0.02 is made
by the Cherenkov photons emitted at the HAPD glass. The width of the large peak is evaluated by using
these control events. The evaluated width at p = 4 GeV/c is about 13 mrad which enable to distinguish
between pion and kaon.
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3.2.5 ECL

The electromagnetic calorimeter (ECL) is used to measure the energy and angle of photons. It also
generates a photon trigger. The Belle I ECL exploits the same crystals of Belle calorimeter with an
upgrade of the readout electronics to cope with the SuperKEKB luminosity. The ECL is composed of
8736 CsI(T1) crystals assembled in a projective geometry covering about 90 % of the solid angle in the
centre-of-mass-system. The crystals have a shape of a truncated pyramid with a length of 30 c¢cm and a
6 x 6 cm? cross section, equivalent to 16.1 radiation length. At the external bases, two photodiodes are
glued with a 1 mm plexiglass plate to detect the scintillation light.

In the Belle experiment, the energy resolution was o/F = 4% at 100 MeV, 1.6% at 8 GeV, and the
angler resolution was 13 mrad (3 mrad) at low (high) energies; 7° mass resolution was 4.5 MeV. In Belle
II, a very similar performance is expected in absence of backgrounds. However, due to the relatively long
decay time of scintillation in CSI(T1) (1 us), the overlapping of pulses are considerably increased in the
SuperKEKB luminosity. The scintillator photo-sensors are equipped with wave-form-sampling read-out
electronics to mitigate the pile-up noise.

The ECL also contribute to identify electron. Electrons loose most of own energy in the ECL due
to the electromagnetic shower. Thus, the ratio between the energy deposited at the ECL and track
momentum, E/p, tends to be unity. Figure shows the F/p distributions for a variety of momentum
ranges. As shown in FIG the E/p is an good discriminator for electron in high momentum region.
The PDF for each particle hypothesis is constructed from the E/p distributions.
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FIG 3.12: The E/p distributions for a variety of momentum ranges. Turquoise line is for electron, purple
line is for muon and black line is for pion. The peak at 0 means that a track does not much any ECL
cluster. [7]
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3.2.6 KLM

The K? and muon detector (KLM) consists of alternating 4.7 cm thick iron plates and active material
detectors located outside the superconducting solenoid. In the barrel region there are 15 layers, while in
the forward endcap 14 layers are placed and in the backward endcap there are 12 layers. The iron plates
serve as the magnetic flux return and provides 3.9 interaction lengths () in total, in addition to the 0.8 A
of the ECL, in which KL can shower hadronically. Most of barrel layers is equipped with glass electrode
Resistive Plate Chambers (RPC). Because RPCs have the long dead time during the recovery of the
electric field after a discharge, the inner two barrel layers and the endcaps employ layers of scintillator
strips with silicon photomultiplier (SiPM).

The muon identification mostly relied on the KLLM, since the mass of muon and that of pion is very
close (m, = 105.7MeV/c? m,+ = 139.6 MeV/c?). Muons often penetrate the KLM detector, while most
of pion captured within the KLM. A few percent of pions possibly penetrate the KLM without the
inelastic hadronic scattering (e=3% = 0.02) and might be identified as muons. The identification of muon
is performed by extrapolating tracks reconstructed by CDC and comparing with the actual measured hit
in the KLM.

3.2.7 'Trigger

The trigger system of the Belle IT experiment plays an important role to identity and record physics
events. TABLE shows the cross section and rate of various physics events at the target luminosity of
the SuperKEKB. Bhabha scattering and eT™e™ — v events which are useful for calibration of detectors
and luminosity measurement have large cross-section and event rate. These events will be reduced by
a factor of 100 with the pre-scale. The total expected event rate is about 15 kHz, while the limitation
of the data acquisition system (DAQ) is 30 kHz. Therefore, the trigger system is required to suppress
beam-induced backgrounds up to same level of physics events.

TABLE 3.1: Production cross-section and event rate.

Process Cross section [nb] | Event rate [Hz] | Pre-scaled event rate [Hz|
BB 1.2 960 960
Continuum ¢q 2.8 2200 2200
ete™ — putpu~ 0.8 640 640
ete™ = ttr~ 0.8 640 640
Bhabha 44 35000 350
ete™ — vy 2.4 1900 19
Two-photon (e.g. eTe™ — ete"eTe™) 12 ~10000 ~10000
Total 67 ~50000 ~15000

The Belle II trigger is comprised of the hardware based Level 1 (L1) trigger and the software based

High Level Trigger (HLT).

L1 trigger

The L1 trigger combines and analyzes signals from sub-detectors. The trigger system is implemented
with the Field Programmable Gate Array (FPGA) which provides configurable logics. The track trigger
based on the CDC hits and the calorimeter trigger based the ECL clusters are the main information of the
L1 trigger. These signals are merged with TOP and KLM hit information by the global reconstruction
logic (GRL). Then, the output of GRL is sent to the global decision logic (GDL), which makes decision
whether an event should be taken. The L1 trigger output rate is required to satisfy the DAQ read-in
rate, 30 kHz. Figure [3.13|shows the schematic view of the Belle II L1 trigger system.

The track trigger processes 2D and 3D tracking algorithms. At the Belle experiment, only the 2D track
information was reconstructed. The 3D tracking gives the vertex position along the beam direction. This
is used to eliminate the beam-induced backgrounds in which tracks do not originate from the interaction
point.
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FIG 3.13: Schematic view of L1 trigger system. CDC find a track using small segment information, which
is called Track Segment Finder (TSF), and reconstruct 2D track. In addition, 3D track information which
is constructed from 2D track and beam along information. Neural network based track finder is going to
be implemented. ECL provides both each cluster information and total energy deposit in ECL to GRL.
TOP and KLM information helps to identify particle type at the trigger level.

The calorimeter trigger provides the total energy information and the isolated counting information.
They characterize the Bhabha scattering and eTe™ — v which have large energy deposit in the ECL
and the back-to-back event topology to apply the pre-scale.

The GRL combines the sub-detector information. For example, a track found in CDC and a cluster
of ECL are matched. Combining a track of CDC and KLM hits can be used to identify muon events.

The hadronic events such as BB and continuum have high multiplicity of charged tracks. They are
trigger by requiring that there are at least three tracks in CDC. For the low-multiplicity events, dedicated
trigger menus are developed. One photon trigger, for example, is equipped for the dark matter search
with the initial state radiation photon.

HLT

The HLT suppresses event rates from 30 kHz which is L1 trigger rate to 10 kHz for offline storage.
The HLT uses full detector information except for the PXD and reconstructs events. The events are
categorized into each physics process. Currently, all events are kept in the HLT since the total event
rates are acceptable. Sophisticated software for the HLT is being developed for the higher luminosity.

3.3 Status of the Belle II experiment

The commissioning of SuperKEKB accelerator is proceeded in three phases.

e Phase 1 : A background study is performed without collisions. The dedicated detector system is
installed at the IP instead of the Belle I detector.

e Phase 2 : Main purpose of the Phase 2 is the calibration of accelerator and the Belle II detector
response study. The VXD detector which is the most affected by the beam background is partially
installed. The first collision at Phase 2 is achieved in April 26th 2018 and the collected data set
by July 17th is 472 pb~'. The dark-sector analysis using these data is performed and first Belle IT
papers are published.

e Phase 3 : Phase 3 is the data taking phase with the full Belle II detector system. Currently only
inner layers and 2 outer ladders of PXD are installed due to its production delay. The data taking
resumed March 2019. On 15th June 2019, SuperKEKB achieved the world’s highest luminosity of
2.22 x 103 cm~2s~!. The accumulated data with the Belle II detector by the summer shutdown

2020 is 74.10 b~ (FIG [3.14)).
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FIG 3.14: Luminosity integration in Phase 3 until 2020 summer.

3.4 Particle Identification (PID)

The identification of charged particle types is crucial for physics analysis at the Belle II experiment.
In the analysis of B — X,/ especially, the electron and the muon identifications are important to
reject backgrounds and to suppress systematic uncertainty. In order to identify particle type, a likelihood
L4t (F|i) for each particle hypothesis (i) is constructed at each sub-detector from a given set of observables,
Z. The dominant observables in each detector are as follows:

Energy loss dF/dxz measurement in CDC

Ratio between energy measured in ECL and track momentum E/p

Position and time of Cherenkov photons measured in TOP counter

Cherenkov angle measured in ARICH from the ring image
e Difference between KLM hits position and the extrapolated track

Assuming each sub-detector information is independent, a global likelihood for each particle hypothesis
L(Z]i) is defined by:
CDC,TOP,ARICH,ECL,KLM

L(Z|i) = 11 L€ (Fi). (3.2)

det

The likelihood ratio PID; of all particle hypotheses is used as an evaluation indicator in this analysis:

L;

e, K,p,d » °
Zj L;

PID; = (3.3)

Figure [3.15] shows the PID distributions for electron, muon, pion and kaon. There are several peaks, for
example PID = 1/6(= 0.167), due to lack of information to distinguish particle type.
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Alternative indicator can be constructed from the binary likelihood ratio, for example,

Lk

= — .4
RK/TI’ £K+£7r (3 )

The PID efficiency and mis-identification (mis-ID) rate are evaluated by using several calibration
modes, in which the type of charged particle can be known from event features without biases on the
PID performance. The PID efficiency for i-type particle is defined as

Number of i-type particle identified as i-type

efficiency = 3.5
Y Number of i-type particle (3:5)

and the mis-ID rate from i-type to j-type is defined as
misID rate — Number of i-type particle identified as j—type. (3.6)

Number of i-type particle

The lepton identification efficiency and mis-ID rate from lepton to hadron are evaluated by combining
several methods. The main method is the two-photon analysis, eTe™ — eTe~vy* — eTe ™ £T¢~. The
ete™ in the final state enter the beam pipe region and only £t¢~ go into the detector volume. In
this analysis, one of the lepton (¢*) is used to probe the efficiency and the other lepton (£F) is used
to suppress the background by the lepton identification requirement in advance. Since the two-photon
events have very large cross-section, especially in low-momentum region, the statistical uncertainty on
the identification efficiency can be reduced. Further detail of the two-photon analysis is discussed in
Appendix [B. The high momentum region is covered by analyses on J/i) — (T4, eTe™ — ete(7), and
efe” = ptum(v) [14).

The hadron identification efficiency and mis-ID rate from hadron to lepton are investigated with
Dt — D(— K ’W*)W;Q()w. The D° meson is reconstructed from two oppositely charged tracks. The
charged slow pion 7o is used to tag the flavor of D°, thus to used identify the kaon and pion [15].
Moreover, the mis-ID rate is studied using K¢ — 777~ and ete™ — 7777,

The evaluated lepton identification efficiency and mis-ID rate from hadron to lepton for PID, > 0.9
and PID, > 0.9 are shown in Figure The typical identification efficiency is ~ 94% for electron and
~ 90% for muon, while the mis-ID rate of pion is ~ 2% for electron and ~ 4% for muon.

Figure[3.17]shows hadron identification performance as a function of threshold on the binary likelihood
ratio R /. The identification efficiency of kaon at PIDg > 0.6 is about 80% and that of pion at
PID, > 0.4 is about 84% in the barrel region.
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cation at PID, > 0.9, Bottom: Muon identification at PID, > 0.9. Note that the mis-ID rate has been
inflated by a factor 3 for illustration purposes. [14]
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Chapter 4

Analysis overview

4.1 Analysis strategy

This study is performed as a blind analysis : the analysis procedure is optimized using Monte-Carlo
(MC) simulation samples, rather than looking at a signal region. Especially, the reconstruction efficiency
of B — X £T¢~ is estimated by simulations to measure the branching fraction. A difference of event
distribution characteristics between data and MC is corrected with data-driven study and taken into
account as systematic uncertainty.

In this analysis, the inclusive B — X ¢T¢~ decays are reconstructed with the sum-of-exclusive ap-
proach. The hadronic system X is reconstructed from Knm (0 < n < 4) and 3K final states allowing
for at most one ¥ and one KY. TABLE [4.1{shows the decay mode of X.

TABLE 4.1: Decay modes of X, which are reconstructed in the analysis.

BY B° B*
K K? K*
Kr | K* r¥ K9 70 K* 719 KO
K2r | K* 7F 70 KO 7t 7F K* 7F 7% KO 7% 79
K3n | K* 7F 7% 7% KO 7% 7% 70 K* 7% g% 70 KO 7t 7% g
Kar | K* 77 7% 0% 70 KO n% 7% oF oF | K* 7T ot 27 7% KO g% 7 g% 70
3K K* K¥ K9 K* KT K*

4.2 Data sample

This analysis is based on data accumulated on the 7°(4S) resonance in the Phase3 of Belle II. The amount
of data corresponds to an integrated luminosity of 34.6 fb~* which contains 37.7 x 106 BB pairs.

4.3 Monte-Carlo simulation sample

We have performed simulation study with large statistics Monte-Carlo (MC) samples to evaluate the re-
construction efficiency of B — X ¢~ and to estimate major background contributions. The MC samples
are produced with an event generation tool EvtGen [54]. The hadronization process is implemented with
PYTHIA [55] [56] and radiative correction is calculated by PHOTOS [57]. Detector simulation with Belle
IT Phase3 configuration is performed with GEANT4 [58].
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4.3.1 Signal MC sample

Signal MC samples are used to optimize the analysis procedure with the full detector simulation. Espe-
cially, the estimation of the reconstruction efficiency is crucial to calculate the actual number of signal
events from reconstructed signal yields.

Signal MC sample of B — X,{T¢~ is produced separately from three components, B — K{T{~,
B — K*¢*{~, and non-resonant B — X ,(T¢~. Samples of B — K{T¢~ and B — K*{*{~ are produced
using an EvtGen model of BTOSLLBALL [59], which utilizes a Light Cone Sum Rule approach to
estimate the B — K ) form factors. Those of non-resonant B — X /¢~ rely on the BTOXSLL model,
in which the di-lepton mass spectrum is generated according to [60] and then the two lepton momentum
is generated according to [61]. Mass of the non-resonant X is required to be larger than 1.1 GeV/c%.
Expressions for the Wilson coefficients and power corrections are taken from [35] and the detailed formulae
are taken from [62] and [63]. In the hadronization of non-resonant X which is performed by the PYTHIA
[55] [56], the partons (s-quark and u-/d-quark) are turned into two to ten hadrons which can be excited
states such as K* and then they are distributed according the allowed phase space.

Since the reconstruction efficiency depends on the multiplicity and momentum of final state particles,
the fragmentation of non-resonant X, should be corrected by using real data and uncertainties of the
measurement of the fragmentation should be included in the systematic uncertainty. Since parameters in
the EvtGen model can also change the momentum of final state particles, the effect on the reconstruction
efficiency from these variation of these parameters. Moreover, the value of the transition point, mx, >
1.1 GeV/c?, which is same with the previous |2] is arbitrary and should be taken into account as systematic
uncertainty. It will be described in Section

These three components are mixed according to the SM predictions of branching fractions [42] [35]
which are shown in TABLE and TABLE Due to the photon pole contribution, electron modes
have larger branching fractions than muon modes for K* and non-resonant X;. We have used the
SM prediction of B — (K, K*, X,)uTp~ on muon modes as well as electron modes applying a cut
of M,y+.,~ > 0.2GeV. The branching fraction of K and K* modes are assumed to be 0.35 x 1076 and
1.19x 1075, That of non-resonant X is assumed to be 2.61(= 4.15—0.35—1.19) x 10~°. The uncertainty
on the branching fraction has to be also taken into account as systematic uncertainty. The detail will be
described in Section B.Al

According to the MC samples, the fraction of the X, covered by this study (TABLE is 63.0%. If
the fraction of states containing K? is taken to be equal to that containing K2, the missing fraction is
16.9%. Figure shows the Mx_ distribution of the signal MC samples.

4.3.2 Background MC sample

To establish background suppression for B — X ¢*¢~, two kinds of hadronic MC samples are produced.
One is the continuum events, ete™ — qg(q = u, d, s, ¢), and the other is BB (B°B° and BtB~) events.
Decay process of these samples are simulated generically according to the recent measurements results.
The number of background MC samples corresponds to an integrated luminosity of 5ab™!.
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Chapter 5

Reconstruction

5.1 Particle Selection

Charged particles are selected from tracks (reconstructed with CDC, SVD and PXD) originating from the

interaction point (IP) by requiring dr < 0.5cm and |dz| < 2.0 cm, where dr and dz is distance between

a track and IP in the plane to the beam axis and along the beam axis, respectively. Type of the charged

particles is identified using the particle identification information obtained by the sub detector systems.
Electron candidates are required to satisfy

o p>0.4GeV/c
e PID.>0.9

where p is the momentum and PID, is the likelihood ratio defined in Section [3.4] The momentum
selection, p > 0.4, is required so that the track can reach the ECL. Due to the light mass, electrons
often emit bremsstrahlung photons and loose energy. The energy is recovered by adding four momenta
of photons within 0.05 rad cone around the electron to the electron’s four momenta.

Muon candidates are required to satisfy

e p>0.7GeV/c
e PID, > 0.9

The momentum selection, p > 0.7 GeV/c is required so that the track can reach the KLM.

Kaon and pion candidates are selected by requiring PIDg > 0.6 and PID, > 0.4, respectively.
Additional selection on the number of hits in CDC, nCDCHits, is required to ensure the CDC dFE/dx
infromation: nCDCHits> 20.

The KY candidates are reconstructed from two oppositely charged tracks requiring a mass selection,
0.3 < M+, <0.7GeV/c?. Kinematics of these tracks are calculated by assuming the pion mass. Neither
particle identification nor impact parameter cuts are applied on these tracks. Since the four momenta of
tracks are calculated at the closest position to the IP, the sum of the four momenta of daughters shifts
from the true four momenta of K9. To correct the difference, the kinematics of daughters are recalculated
at the vertex position of K2, which is called the vertex fit. After the vertex fit, the following criteria are
applied on K9 candidates: 0.4876 < Mo < 0.5076 GeV/c? and significanceOfDistance> 50, where
Mo is the mass of K? calculated after the vertex fit and significanceOfDistance is the significance
of distance from the vertex to IP. The variable significanceOfDistance is applied to reject many
candidates that arise from random pion tracks originating from the interaction region. Figure [5.1] shows
the reconstructed invariant mass My of K9 — 77~ in the MC samples.

The 7° candidates are formed by combining two photons which are reconstructed from ECL clusters
inside the CDC acceptance (17° < 6., < 150°). In addition, the v candidates are required to satisfy the
following criteria to reduce background photon issued by beam backgrounds: clusterNHits>1.5 and
[clusterReg == 1 and E > 0.080 GeV] or [clusterReg == 2 and E > 0.030 GeV] or [clusterReg == 3
and FE > 0.060 GeV], where clusterReg is the ECL region of a cluster, 1:forward, 2:barrel, 3:backward.
The energy threshold is optimized for each region of ECL and clusterNHits is sum of weights of all
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FIG 5.1: My distribution of K — 7+7~ in the MC samples.

crystals in an ECL cluster. For non-overlapping clusters, clusterNHits is equal to the number of crystals
in the cluster. This, however, can be a non-integer value, when energy splitting among nearby clusters.
Finally, 7° candidates are required to satisfy the following selection, 0.120 < M., < 0.145 GeV/c?, —1.5 <
A¢y, < 1.5rad, ovyy < l.4rad where A¢, . is difference of ¢ between two gammas and ., is the angle
between two gammas. In the low momentum region, there are a lot of fake 7% candidates which degrades
the signal-to-background ratio. Momentum requirement on 7° candidates is applied to be more than
0.4 GeV/c. Figure shows the reconstructed invariant mass M., of 7° — v in the MC samples.
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FIG 5.2: M., distribution of 7% — 7 in the MC samples.

The particle selection criteria are summarized in Table

5.2 X, Reconstruction

The hadronic system X is reconstruced with sum-of-exclusive approach. The twenty final states listed
in TABLE are adopted as X candidates. To suppress combinatorial backgrounds, the invariant mass
of X is required to be smaller than 2.2 GeV/c?: Mx, < 2.2GeV/c?. Figure shows the reconstructed
invariant mass M, in the signal MC samples.

5.3 B Reconstruction

The B meson produced as a BB pair is reconstructed by combining X, and an electron pair or a muon
pair. Two independent kinematic variables, which are the beam constraint mass M. and the energy
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TABLE 5.1: Summary of the particle selection criteria.

Particle

Selection Criteria

Charged tracks

dr < 0.5cm,|dz| < 2.0cm
p > 0.4GeV/e, PID, > 0.9,

et Recovering the bremsstrahlung radiation by adding photons
which are within 0.05 rad cone along the electron direction.
uE p > 0.7GeV/c, PID,, > 0.9
K* PIDy > 0.6,nCDCHits > 20
wE PID, > 0.4,nCDCHits > 20
KO Reconstructed from two oppositely charged tracks with the vertex fit.
s significanceOfDistance > 50,0.4876 < M < 0.5076 GeV/c?
17° < 6, < 150°, clusterNHits > 1.5, clusterNHits>1.5 and
[clusterReg == 1 and E > 0.080 GeV] or
7 [clusterReg == 2 and E > 0.030 GeV] or
[clusterReg == 3 and E > 0.060 GeV].
70 Reconstructed from two +’s.

0.120 < M, < 0.145GeV/c?, —1.5 < A, < L.5rad, ayy < L4rad, pro > 0.4 GeV/c
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FIG 5.3: Mx, distribution of signal MC samples.
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difference AF, are calculated in the CM system. The definitions of these variables are

My = /B2 — |52 (5.1)

beam

AE=Ef— Bl (5.2)

where Ef . is the beam energy in the CM system and (pp, Eg) is the reconstructed four-momentum of
B meson in the CM system. Rather than using the B invariant mass, these variables are more effective
for background separation, because the energy resolution of the initial eTe™ is more precise than that of
the reconstructed B meson. Figure shows distributions of M. and AF of signal MC samples.

B candidates are required to satisfy 5.2 < My, < 5.3GeV/c? and |AE| < 0.15GeV. M, is used to
extract signal yields with fitting and thus the requirement is very loose. On the other hand AFE is used
to suppress backgrounds.
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FIG 5.4: M. (left) and AF (right) distributions of the signal MC samples. Green line is B — X ete™
and blue line is B — X u™ ™.
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Background study

6.1 Background sources

There are three dominant sources of background. The first is due to B — J/) (¢(25)) X with J/p (¢(25)) —
¢T¢=. The second is associated with ¢¢ continuum events in which both charm quarks decay semi-
leptonically. The third arises from BB events where two leptons are generated by semi-leptonic B or D
decays.

The B — J/p (¢(25)) X backgrounds are eliminated by imposing vetoes on the invariant mass of the
lepton pair. Because the final state and the kinematics of the backgrounds resemble those of the signal,
the vetoed events are used as control samples. The selection criteria are described in Section

The semi-leptonic backgrounds have significant amount of missing energy due to missing neutrinos
and large distance between two leptons because they originate from different decay products of B or D.
Because of these kinematic features, these backgrounds can be effectively suppressed. Furthermore, the
c¢ semi-leptonic backgrounds can be easily identified with event shape variables.

6.2 Background suppression

The number of background events is thousands of times larger than of signal in the analysis of B —
X070~ decays. Thus, the effective background suppression is crucial for this study. At first, the scope
of the research is determined and some backgrounds are suppressed in the pre-selection process. Then,
the peaking backgrounds which can make a peak at My, = 5.28 GeV/c? is eliminated by applying vetos.
Final, we use the multivariate analysis technique with FastBDT [64] to suppress non-peaking backgrounds
efficiently.

6.2.1 Pre-selection

Firstly, we define the scope of the research by applying a loose pre-selection. To suppress the backgrounds
from photon conversion, ¥ — ete™, and Dalitz decay of 7°, 7% — ete ™+, electron mode candidates are
required to have large di-electron mass, M.+~ > 0.2GeV/c?. There are also signal contribution which
are sensitive to the Wilson coefficient C7. The dedicated study in this region with B — K*eTe™ remains
for future work. Moreover, the mass of X, is required to be smaller than 2.0 GeV/c?. These conditions
are same as the Belle experiment [17] [2] which is good to compare with theoretical predictions.

Some non-peaking backgrounds are suppressed here to make the FastBDT performance more efficient.
To estimate the distance between each track in a candidate of B meson, the vertex fit is applied on the
reconstructed B meson. Since daughters of K9 is displaced from B meson vertex, these particles are
eliminated from the fit. Then the x? probability of the vertex fit is calculated chiProbpg, which will
be used as an input variable of FastBDT. In the pre-selection, we just require that the vertex fit is
converged so that the probability is calculable. The AFE defined as Equation [5.2] is one of the best
variables to distinguish between signal and backgrounds. A loose selection of AE rejects large amount of
backgrounds while it keeps most of signal. Since the electron may loose energy due to the radiation, the
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selection on the electron modes is asymmetric, —0.10 < AE < 0.05 GeV (X eTe™), while the selection on
the muon modes are symmetric, —0.05 < AE < 0.05 GeV (X uTu™).

The selection criteria in the pre-selection are summarized in TABLE and FIGs - show the
distributions of AE, Mx,, and Mg+.-.

TABLE 6.1: Criteria of the pre-selection

Energy difference —0.10 < AE < 0.05GeV (XseTe)
—0.05 < AE < 0.05GeV (Xsputpu)
Condition of the vertex fit of B meson | Converged

X, mass My, < 2.0GeV/c?

7 conversion and 70 Dalitz decay veto | Mg+ > 0.2 GeV/c?
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FIG 6.1: AF distributions of B — X070 . Red line shows the signal events, blue line shows background
events from BB events, and green line shows background events from ¢g continuum events.

6.2.2 Charmonium veto

The charmonium events are the most dominant peaking backgrounds in this study, since they have same
final states when J/i (¢(25)) decays to two leptons. It is very difficult to estimate the amount of these
events from data, it could be a dominant source of systematics uncertainty unless they can be eliminated
certainly. To veto the B — J/ip (¥(25)) X backgrounds, signal candidates that satisfy the following tight
criteria are rejected.

—0.40 GeV/? <M+ (y)e(4) — Mypy < 0.15GeV/c?
—0.25 GeV/c? <M+ (4)e- () — My(2s) < 0.10 GeV/c?
—0.25GeV/c? <M+~ — My, < 0.10GeV/c?
—0.15GeV/c? <M+~ — My(2s) < 0.10 GeV/c?

where My, is the nominal invariant mass of J/i, M ., = 3.096916 GeV/c?, and My (2s) is that of ¥(25),
My 25y = 3.68609 GeV/c?. Figure shows the M+ (yye-(y) and M+, distributions. Because the
backgrounds can pass the selection if photons are added wrongly in the bremsstrahlung recovery process,
the invariant mass of the electron pair is calculated with and without the photons. Thus, there are
four combinations at most, eTe™,eTye™,eTe 7y, etve™y. The amount of remaining backgrounds are
estimated in Section [6.3.3]
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6.2.3 D veto

The events of B — DX can be contaminated due to miss identification of particle types. Some events
make a peak on the M, and AF distributions, for example, mis-identified B — D(— Km)m as B — Kpup.
The amount of these peaking backgrounds can be estimated from data (Section. However, the mis-
ID rate is still high in the early stage of Belle IT and thus the number of peaking backgrounds are large
which induce large systematic uncertainty. We eliminate the peaking backgrounds due to D meson by
applying a veto on the invariant mass.

The invariant masses of all hadronic or semi-leptonic combinations of B daughters whose charge is 0 or
+1 are calculated. The leptonic combination of £+ £~ is not examined to avoid a bias on the ¢?(= M+, ).
If the most D-like mass Myyost D—like among them is close to nominal D mass, the candidate is vetoed.
The veto condition is as follows.

1.85GeV/c? < Myost D-like < 1.89 GeV/c? (6.5)

Figure show the Mp,0st D_like distributions of the events which are identified as the peaking back-
grounds using the MC truth information. The veto is applied to the following modes which have significant
backgrounds due to D events : K{T¢~, KnlT¢~, Krmlt{~, KrnnfT¢~. The remaining peaking back-
grounds can be estimated from data to get the signal yields correctly. The detail is described in Section

6.3.11
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FIG 6.5: MostD—like distributions of events which are identified as the double mis-ID background using
the MC truth information. Decay modes of X are separated by color. The histograms are scaled for an
integrated luminosity of 34.6 fb™!.
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6.2.4 FastBDT

Figure shows the My, distributions after the D veto. The signal events are hardly visible due to
the large backgrounds. To suppress the remaining backgrounds, FastBDT [64] is adopted in this study.
FastBDT is a speed-optimized and cache-friendly implementation for the stochastic gradient-boosted
decision tree (SGBDT) algorithm [65] extensively used by the Belle IT experiment.

300

3 e 3
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= 250 []Cross-Feed =
:8' [ mixed :‘\l’
[ charged
B 200 I ccbar ;
Q [l ssbar Q
= Il ddbar =
LICJ 150 Il uubar LI:J
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M,, [GeV]
(c) X 0t~

FIG 6.6: My, distributions before applying the FastBDT. MC samples are identified by color code. White
histogram shows signal events. The histograms are scaled for an integrated luminosity of 34.6 fb™!.

Here we introduce the FastBDT implementation and the SGBDT algorithm. The base idea of the
SGBDT is the decision tree (DT) which is a tree-like decision model. Combination of variables and
threshold for each node is trained in DT algorithm. The gradient boosted decision tree (GBDT) is
modified from the DT with gradient boosting technique. Instead of single deep DT, many shallow DTs
are combined to give a decision. An advantage of GBDT compared with DT is the robustness against
to the over-training. The output is given by the sum of weights of many terminate nodes instead of the
single value of a terminate node. In the SGBDT, a bunch of training samples are randomly chosen for
each training cycle. This feature helps to further avoid the over-training. FastBDT is an implementation
of the SGBDT and optimize the pre-processing of data samples and memory access pattern. FastBDT
is one order magnitude faster than popular implementations such as TMVA [66]. Figure shows the
schematic view of the application of FastBDT.

In this study, FastBDT is used to suppress continuum backgrounds and remaining non-peaking
BB backgrounds. FastBDT classifiers are trained with MC samples using 36 kinematical variables
as input variables. To take into account the difference of kinematics between electron modes and
muon modes as well as high My, region and low My, region, events are divided into four categories,
namely: [ete™, Mx, < 1.1GeV/c?], [ete™, Mx, > 1.1GeV/c?], [ptpn~, Mx, < 1.1GeV/c?], and [uTpu~,
My, > 1.1GeV/c?]. Then, two classifiers are trained for each events classes, one is for BB backgrounds
and the other is for continuum backgrounds, since they have very different kinematics and it is difficult
to optimize single classifier for them. In total, 8 classifiers are trained and each event has two FastBDT
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FIG 6.7: Schematic view of the application of FastBDT. The depth of trees is three in this case.

output values. In each classifier, the number of trees are 200 and depth of a tree is 3. The training
samples are provided from mixture of equal parts of signal and background. The number of samples are
at least 80 thousands which is enough to avoid the over training.

Here we explain why there are difference on the kinematical variables between the BB events and the
continuum events. Since the 7(4S) mass, My(4s) = 10.579 GeV/c?, is barely above the BB production
threshold (Mp = 5.279), both B meson are produced almost at rest in the centre-of-mass (CM) frame,
as a result, the B decay products are distributed isotropically. By contrast, the continuum ¢q events
have back-to-back two jet topology because the light quark ¢ is produced with large momentum. The
difference of event topology is quantified in variables which is described in later of this section.

Moreover, the semi-leptonic BB backgrounds can be characterized with neutrino information and
distance of particles. Since the semi-leptonic decay of B or D always include a neutrino in the decay
products, missing energy and momentum are larger than those of signal events. In addition, both B
meson and D meson have long life time, as a result the decay vertex is displaced from each other.

Now we introduce the kinematical variables to take into account these features.

o KSFW variables [67]
KSFW [67] is variables to describe the event kinematical shape which is extended from the Fox-
Wolfram moments [68]. The phase-space distribution of momentum and energy flow is parameter-
ized based on the spherical harmonics resulting in the Fox-Wolfram moments. The ¢-th Fox-Wolfram
moment Hy is defined as following expression,

Hy =Y |pi|55| Pe(cos 0;;). (6.6)
0,J
where Py is the {-th Legendre polynomial, 7;(;) is the momentum of i-th (j-th) particle, and 6;; is
angle between i-th and j-th particles. The sum is over the particles in the final state.

The SFW (Super Fox-Wolfram) is extended from the Fox-Wolfram momenta by separating the
particles from the signal and those from other side B meson. The H; is divided into three variables,

HPS = 13155 Pe(cos 0i5), (6.7)
,J

H7O = " [5][ | Pe(cos 051, (6.8)
7,k

HPO = " |illi| Pe(cos Ora), (6.9)
k,l

Hy = H}® + HC + HPC. (6.10)

The ¢ and j runs over particles in the signal side final state while £ and [ runs over the other
side particles. Thanks to separating the signal side and the other side, H, 290 and H ? O have less
correlation with signal side variables, such as Mj,..
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Moreover, the KSFW (Kakuno Super Fox-Wolfram) moments are defined from SFW considering
the charge of particles and missing mass of the event. The KSFW moments can be categorized into
three, Rfo, RIZOO7 and P;.

Rfo is based on H ;O adding the charge information.

c17S0,¢c n rSO,n m r7SO,m
agH, +ayH, +a"H,
E* — AF

beam

RO =

(6.11)

¢,n, and m denotes charged particles, neutral particle, and missing particle, respectively. a’s are
free parameters and Hj is defined as follows,

so.c )22 pjlPe(cos 0;5) (¢ : even)

He = {zi 5 sl @@ Palcos0i5) (¢ 0dd) (612
1750m _ >0 [pj|Pe(cosbyj)  (€:even) (6.13)
¢ 0 (¢ : odd) '
F7S0m _ > |par|Pe(cosOing) (£ : even) (6.14)
¢ 0 (¢ : 0dd) '

1 runs over particles in the signal final states and j runs over remaining charged particles for H, f O.c
and neutral particles for H, f om, Py is the missing momentum, @Q; is charge of i-th particle and
0;nr 1s the angle between p; and py;.

R?O is based on H, eo O and defined as follows.

00 _ BeH OO
B = B — BB (6.15)
and Héoo is
HéOO _ Zj >k 12jl[pr| Pe(cos 05) (£ : even) (6.16)
Zj >k IDilpe|Q;QrPi(cos 01) (¢ : odd)

In this thesis, we use the normalized KSFW moments which are defined in the following equation.

HéS'O,a:
50, = 6.17
ot Egeam —AE’ ( )
H'OO
oo = ———6 6.18
" Wi — BB (619

with 2 = ¢,n,m. Even thought R°® and h** can be defined in similar manner, they tends to have
large correlation with signal side variables and thus they are omitted.

P, = Zg;l |pt n| is the scaler sum of the transverse momentum of all the particle from both signal
side and other side.

In addition to 17 KSFW moments, the missing mass squared, mm?2, is calculated as complementary
information.

N Ny Ny
2 — 4 Eras) = Zn:]\} En)? - Zn:}\} pal?  (Bras) — 27\]:1 En) >0
~(Brs) = Xone1 Bn)® = 2011 I (Brusy — 2,4, En) <0

where E, is energy of n-th particle and Ey(4g) is the energy of 7(4S) corresponding to the centre-
of-mass energy. In total, these 18 variables are denoted as KSFW variables in this paper. The
KSFW variables are powerful to distinguish signal from not only the continuum ¢g backgrounds
but also the semi-leptonic BB backgrounds thanks to taking into account the missing components.

(6.19)
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e Thrust variables.
The thrust axis 7y for N momenta p;(i = 1,...,N) is defined as the unit vector which make the
thrust T maximum,

Ni- =
T — D \]CLTq Pz|. (6.20)

> il
Since the continuum ¢g events have back-to-back topology, thrust of the continuum events are
typically larger than that of BB events. In this analysis, three thrust related variables are used;
thrust of rest-of-events (ROE) other than reconstructed B meson side particle Thrustrog, cosine
of angle between thrust axis of reconstructed B meson side particles and that of ROE cos érpro,
and cosine of angle between thrust angle of reconstructed B meson and the beam axis cosfOrp..
These variables help to suppress the continuum background avoiding a bias on the signal variables.

e CLEO Cone variables [69]
CLEO Cone variables are extended from thrust variables and investigated by CLEO collaboration
[69]. CLEO Cone is calculated from sum of momentum of particles within angular sectors around
the thrust axis in intervals of 10°. In total there are 9 CLEO Cone variables and we define them
from CC1, which is calculated for the closest sector to the thrust axis, to CC9, which is calculated
for the most perpendicular sector to the thrust axis. These variables are calculated using particles
from other than signal to avoid a possible bias on signal.

e Missing mass squared.
The missing mass squared is calculated as (2Epeqm — »_; Ei)? — | >, Pi|?, where Epeqrm, is the beam
energy and (p;, E;) is the reconstructed particles in the CMS frame. Events which have more than
one neutrino tends to have larger value.

e Visible energy in the CM frame.
The visible energy is calculated from the reconstructed particle in the CM frame. Since events which
have neutrino tends to have lower value, this is useful to suppress the semi-leptonic backgrounds.

e Distance between two leptons along the beam axis.
The distance between two leptons along the beam axis is calculated from each distance from the
beam spot. In the signal events, two leptons are originating from same vertex of B. On the
other hand, the double-semi-leptonic events (e.g. B — Dlv— > K/{vlv) have a difference on the
production points of leptons.

e Cosine of 8 of B at the centre-of-mass frame.
The cosine of the angle between the B and the beam axis, cosf#3. The spin-1 7°(4S) particle
decaying into two spin-0 B meson results in (1 — cosf7}) distribution, while the continuum events
have random distribution.

e chiProbg, The x? probability of B vertex.
As discussed in previous section the x? probability of the vertex fit of B meson is used as an
input variable of FastBDT. The decay products of signal B meson are produced at the same decay
vertex of the B meson, while the semi-leptonic backgrounds have a secondary vertex. Thus, the
probability tends to lower in background events compared with the signal events.

e Likelihood of AF.
The likelihood of AFE is used instead of the original AF distributions. The shape of AF distributions
depends on the existence of 7°. To take into account this dependency, the PDF of AFE is prepared
from MC samples for 2 cases, namely modes without 7° and modes with 7°. These distributions
are fitted with two Crystal Ball functions. Crystal Ball function is defined as,

_(@=-p)? (x—p) o
f@) = e ( ) S (6.21)

led
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with
n\’ |a?
A== _ .22
GES:! (6.22)
n

Figure and show the distributions with fitting function for electron modes and for muon
modes, respectively. Because two different PDF's are used to obtain the likelihood, the distributions
of the likelihood of AE are discontinuous.
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FIG 6.8: Top : AE distributions of B — X ete™ with fitting functions. Black makers with error bar
show the distribution of MC samples. Red line shows the total likelihood distribution and blue and cyan

lines show each component of Crystal Ball function. Bottom : Pull (=[data - fit]/[statistical uncertainty])
distribution of AE.

TABLE [6.2] summarizes the description of the input variables to the FastBDT. Figure - show

the distributions of the input variables for B — X eTe™ and Figure — are for B — X,y p~ in
the MC samples.

The 8 classifiers are trained by using corresponding MC samples. The output is denoted as F'. for
example, Fﬁf*,low is the FastBDT output of BB classifier in [eTe™, Mx, < 1.1 GeV/c?] category events.
Figure [6.14] shows the output distributions of the MC samples.

The selection criteria on (F BE, F%9) are optimized with the Figure of Merit (FOM) given by
S/ S+ B where S is the number of signals and B is the number of backgrounds in a signal box.

The signal box is defined as 5.27 < M, < 5.29[ GeV/c?]. Since each candidate has two outputs FBB and

F99, the optimization is performed from two-dimensional distribution of (F BB | 7). The classification
of samples and the criteria on the output value is summarized in Table

6.2.5 Best candidate selection

If there are more than one candidate in an event, the best candidate is selected on the basis of the FastBDT
output for BB, FBB. Average number of candidates per event after the background suppression with

FastBDT is 1.13 and 1.09 for X ete™ and X,utu~, respectively.
6.2.6 Summary

The cut flow tables of the background suppression is shown in TABLE[6.4]and [6.5] The My, distributions
after the background suppression are shown in FIG The numbers and histograms are scaled to the
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TABLE 6.2: The list of input variables of FastBDT

Variables Explanation
heg, het s heg, hes, heg,
SO SO SO
n0s '“n2s '"nd>
oo0s oy 32y, 18 KSFW variables.
oo 00 0o 0o 0o
0 o' » 102 » 183 5104
P, mm?
Thrustrog Thrust magnitude of ROE.
cos 0TBTO Cosine of angle between the thrust axis of B and that of ROE.
cos Org,, Cosine of angle between the thrust axis of B and the beam axis.

CC1, CC2, CC3, CC4, CC5,

CC6, CCT. CC8, CCY 9 CLEO Cone variables calculated from ROE.

Mr%lissing Missing mass squared.
Eliible Visible energy in the centre-of-mass frame.
Azpvp- Distance between two leptons along the beam axis.
cos 05 Cosine of 6 of B at the centre-of-mass frame.
. The x? probability of B vertex calculated by the vertex
chiProbp

fit using all the charged daughters, excluding the K9 daughters.
Likelihood of AFE.

Likelihood of AFE




46

6.2. BACKGROUND SUPPRESSION

2006F . = . =
2 — Signal 3 0.16 I/ — Signal 3 o10f
[} —BB [} H—BB o
JoosfF o Fo a 3 o
oy — 3012 H— s P
S oo} ¢ g
S 3 01F 3 0.08 |
g 0.03f 3 oosf 2 oosk
C T e
0.02F - 004l
0.04 |
0.01F o2k 002k
0 L L L L L L 0 L L L 0
0 05 1 15 2 25 3 35 4 -1 -08-06-04-02 0 02 04 0.6 08 1 -1
hSD hSO
c0 c1
2 2 0.6 [ =
g, 0.18 |/ — Signal g . — Signal g 0.06 | — Signal
© 0.16 f{— BB @ 0.14 -— BB [0} —BB
© o o o T 005} -
goH aq ol aq 3 aq
S 012f S oib & 0.04F
S oif > El
o O 0.08 | ® 0.03f
T 0.08F P T
0.06 |
0.06 | 0.02
004 kb 0.04 |
0.02f 002 ooy
0 b T I [y T Lt ° | |
-1 -08-06-04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 0.6 08 1 0 05 15 2 25 3
1o heo heo
c3 ‘c4 no
2 F 2 03f . = -
G 02 G — Signal B 007} — Signal
@ 0181 S 025F —BB 53 —BB
Dot6fF o T 0.06 [
2 > —aq > —qq
g 0.14F g o2f g 005
S o12f 3 El
0.04 F
8 o1f gosf g
W o008 w L 0.03
04F
0.06 | 0.02
0.04 F
0.05 |
0.02f 0.01
iy S L i b0 . ] F) S T
-1 -08-06-04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 0.6 08 1 0 02 04 06 08 1 12 14 16 18 2
hso heo heo
n2 n4 'm0
2o018F 2 2022F
2 — Signal ‘g 025+ — Signal ‘2 o2f — Signal
g 016F —BB 5 —BB S 018 —BB
Dol ° °
20 —qq > o2 —qq Z016f —qq
€ 0.12f c 2 E
g Sosf g o
g 04F EL gma E
o E o O o01f
- 008 T o,h i ob
0.06 |- ’ .
0.06 |
0041 005 0.04F
0.02F 0.02
[y T Lt [y T L] . oHi il
-1 -08-06-04-02 0 02 04 06 08 1 1 -08-06-04-02 0 02 04 06 08 1 0 01 02 03 04 05 06 07 08 09 1
heo hso 00
m2 'md hO
2z 2 04r 2z
‘G 0351 — Signal @ — Signal @ 04F — Signal
c —BB € 035F — BB c — BB
8 os3f 3 Bossf
— 03 —qq > —qq
8ozt o 3 3 osb
c Y f= b =4
S $ 025 S
S ook 3 Soasf
g - T 02f o
] 1] O o02f
IC 015 I b i
0.15 o015k
01F 0.1} 01F
0.05 F 0.05 0.05 F
[o) S L il o0 b TP T [ T L I
20.1-0.08-0.06-0.04-0.02 0 0.02 0.04 0.06 0.08 0.1 20.1-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.1-0.08-0.06-0.04-0.02 0 0.02 0.04 0.06 0.08 0.1
hoo oo 1o
1 2 3
2 - 2 0.12f . = -
z) 04F — Signal 'Z; — Signal 'é 0.45 F|— Signal
Bossk —BB 8 o1} 3 o04H —BB
& oaf ol 3z %035 H_—99
& g 0o8f G oaf
gor 5 8 o2
D o2} o 006 g 0% ¢
[ w w 02F
015 0.04 | 015 F
04F E
002} o1
0.05 0.05 F
o L L L L o L L ° L " L L L
01 005 0 005 01 015 02 0o 2 14 16 40 30 20 -10 0 10 20 30 40
e P, [GeV] mm? [GeV?]

FIG 6.10: FastBDT input variables of B — Xsete™ (1) KSFW variables. Red line shows the signal
events, blue line shows background events from BB events, and green line shows background events from
qq continuum events.
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FIG 6.12: FastBDT input variables of B — X u™pu~
events, blue line shows background events from BB events,

qq continuum events.

(1)

KSFW variables.

Red line shows the signal

and green line shows background events from
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TABLE 6.3: Classification of samples for FastBDT training and criteria on the output value.

FastBDT output | Signal sample | Background sample | Mx_ range || Criteria
FEB ., Xete™ BB [0, 1.1] > 0.68

o ow X,ete™ qq [0,1.1] > 0.94

55 o Xete™ BB [1.1,2.0] || >0.96
gge*,high X,eTe™ qq [1.1,2.0] > 0.96
Eﬁ,’low Xoptu~ BB [0,1.1] > 0.74
;ﬂﬂ_ low Xoptu~ qq [0,1.1] > 0.90
ﬂi_ﬁi.‘lh Xoptu™ BB [1.1,2.0] > 0.94
Fﬁ#, high Xoptu™ qq [1.1,2.0] > 0.94

34.6 b 1.

TABLE 6.4: Cut flow table of X eTe™ . Number of events satisfying each selection, signal efficiency and
FOM are shown. Note that the My cut, 5.27 < M. < 5.29 GeV/c2 is not imposed. The numbers are
scaled for an integrated luminosity of 34.6 fb™*.

Selection Signal BB qq || Signal Efficiency | S/v/S + B
Generated 318.7 | 3.63 x 107 | 1.29 x 108 100% 0.025
Reconstructed 40.00 | 9.89 x 10* | 3.84 x 10* 12.55% 0.108
Vertex fit of B meson 38.78 | 7.91 x 10* | 2.72 x 10* 12.17% 0.119
Mx, < 2.0 GeV 37.95 | 5.76 x 10* | 2.12 x 10* 11.91% 0.135
AF cuts 35.72 | 3.17 x 10* | 1.09 x 10* 11.21% 0.173
Me+o- > 0.2 GeV 29.22 | 3.16 x 10* | 7.68 x 103 9.167% 0.147
Charmonium veto 19.54 | 8.67 x 103 | 5.46 x 103 6.131% 0.164
D veto 18.16 | 6.45 x 10% | 4.58 x 103 5.697% 0.173
FastBDT 7.836 23.5 11.1 2.458% 1.20
Best candidate selection 7.705 21.5 10.0 2.418% 1.23

6.3 Peaking Backgrounds

To obtain the signal yields, the peaking backgrounds, which make a peak at M. = 5.28 GeV/c?, should
be estimated correctly. Three sources of peaking backgrounds are considered in this study; namely, (i)
Double mis-ID background, (ii) Swapped mis-ID background and (iii) Charmonium background.

6.3.1 Double mis-ID background

Hadronic B decay events, such as B — Knm, can pass the background suppression if two charged
hadrons are mis-identified as two leptons.These backgrounds are denoted as double mis-ID backgrounds.
The double mis-ID background is estimated from X ,hTh™ events of data by applying a weight of the
mis-ID rate from hadron to lepton, where h denotes a hadron. The X ;hTh™ events are reconstructed with
the method except for the PID selection on the two leptons. Events passing the background suppression
criteria are weighted with the mis-ID rate from hadron to lepton, fy, for each lepton. The weight factor
w is

w= fp+ - fo-- (6.24)

where fy is the mis-ID rate from hadron to lepton. The mis-ID rate is evaluated in the Belle II performance
study as described in Section
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TABLE 6.5: Cut flow table of X u™u~ . Number of events satisfying each selection, signal efficiency and
FOM are shown. Note that the My, cut, 5.27 < M. < 5.29 GeV/c2 is not imposed. The numbers are
scaled for an integrated luminosity of 34.6 fb™'.

Selection Signal BB qq || Signal Efficiency | S/v/S + B
Generated 316.1 | 3.63 x 107 | 1.29 x 108 100% 0.025
Reconstructed 32.31 | 1.13 x 10° | 4.68 x 10* 10.22% 0.081
Vertex fit of B meson 31.61 | 9.01 x 10* | 3.53 x 10* 10.00% 0.089
Mx, < 2.0 GeV 31.11 | 6.69 x 10* | 2.74 x 10* 9.842% 0.101
AE cuts 28.41 | 2.45 x 10* | 9.14 x 103 8.987% 0.155
Charmonium veto 21.19 | 8.02 x 10 | 7.39 x 103 6.703% 0.171
D veto 19.75 | 5.94 x 103 | 6.17 x 103 6.249% 0.179
FastBDT 9.821 38.1 37.4 3.107% 1.06
Best candidate selection 9.731 36.0 35.6 3.078% 1.08
3 3
g Signal Signal
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FIG 6.15: My, distributions after the background suppression. The colors indicate different MC samples.
White histogram shows signal events. The histograms are scaled for an integrated luminosity of 34.6 fb .
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The numbers of estimated events are 0.1140.08 and 1.3 £ 1.1 for X,eTe™ and X,u* ™, respectively,
while the numbers of events expected from the simulation are 0.10 £+ 0.06 and 1.70 £+ 0.24. The esti-
mated and expected numbers of events are consistent within uncertainties. Figure shows the M,
distributions of the double mis-ID backgrounds of the MC samples.

[ mixed
[ charged
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— Non-peaking

— Non-peaking

0 0
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FIG 6.16: Estimated My, distributions of the double mis-ID backgrounds. MC samples are identified
by color code. Red line shows total peaking component and blue shows non-peaking component. The
histograms are scaled for an integrated luminosity of 34.6 fb™!.

6.3.2 Swapped mis-ID background

The X J/ip (— £1€7) events can pass the event selection if a lepton is mis-identified as a hadron and a
hadron which is daughter of X is mis-identified as a lepton. These backgrounds are denoted as swapped
mis-ID backgrounds. The swapped mis-ID background is estimated from X J/, X1)(2S) events of data.
Firstly, X J/ip, Xs1(2S) events are reconstructed and selected by the Charmonium veto (Section.
Then kinematics of a candidate are recalculated swapping a lepton and a hadron. The background
suppression is applied on the re-calculated kinematics and events passing the selection are weighted by
the factor as defined in the following equation.

_fo fu
w==-=.

2
v (6.25)

where ¢, is the lepton-1D efficiency, fj is the mis-ID rate from lepton to hadron, and €, is the hadron-ID
efficiency. The mis-ID rate and identification efficiency are evaluated in the Belle I performance studies
as described in Section 3.4l

The estimation of the swapped mis-ID backgrounds is validated using MC samples. The numbers
of estimated events are 0.006 £ 0.004 and 0.56 4 0.50 for X eTe™ and X,utpu~, respectively, while the
numbers of events expected from the simulation are 0 and 0.41 + 0.12. The estimated and expected
numbers of events are consistent within uncertainties. Figure [6.17] shows the My, distributions of the
swapped mis-ID backgrounds estimated with the MC samples.

6.3.3 Charmonium background

Although the most of X J/b, X1(25) events are rejected by the Charmonium veto in Section
contamination from these events is unavoidable. Since it is difficult to estimate the background from
data, another set of the generic MC samples are used. Events are reconstructed and selected with the
usual method and the peaking backgrounds are chosen with the MC-truth information. If two lepton’s
mother is J/ip and 1(2S), the events are recognized as the Charmonium background. The numbers of
estimated events in whole M, range are 3.494-0.35 and 2.0120.26 for X eTe™ and X, u™u~, respectively.

Figure shows the M), distributions of the Charmonium background estimated from MC samples.
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Chapter 7

Extraction of the branching fraction

The signal yield Ngjgnal is extracted from the My, distributions using the extended maximum likelihood
fit. Then, the branching fraction is calculated with the following function.
Nsignal
B(B — X lT07) = 282 7.1

( 8 ) 2NB§ X € ( )
where N5 is the number of B meson pairs and e is the reconstruction efficiency of B — X ¢T¢~.
Actually, instead of the signal yields, the branching fraction is used as the floating parameter in the
fitting. The branching fraction of B — X eTe™ and B — X, uTu~ is measured separately. Moreover,
the branching fraction of B — X, ¢7/~ is calculated from the simultaneous fitting of the My, distributions
of B— X,ete™ and B — X, u™p~ assuming the lepton flavor universality.

7.1 Probability Density Function (PDF)

The likelihood function £ for the extended maximum likelihood fit it expressed as the following function.

xp (=2 ; N; ) N
:ep(N!- )H zj:ijj (7.2)

1
where ¢ runs over all events, j runs over the categories of events, IV; is the yield of j-th category, N is
the total number of events, and P; is the j-th probability density function.
For the analysis, six categories of the probability density function are considered, (i) Signal, (ii) Self
cross-feed, (iil) Non-peaking backgrounds, and (iv - vi) Three peaking backgrounds. The functions and
parameters are summarized in TABLE [7.1] Each component is described in the following sections.

TABLE 7.1: Summary of the probability functions and parameters.

Component (notation) Function Parameters (fix or float)
Signal (sig) Gaussian Branching fraction (Yield) : float
Shape parameters : fix
Self cross-feed (scf) histogram PDF Ngcp/Ngig : fix
Yield : float
Non-peaking background (bkg) | ARGUS function Shape : float
End point : fix
Peaking background (pkg) histogram PDF Yield : fix

7.1.1 Signal

The signal PDF is modeled by a Gaussian. Mean (u) and width (o) are defined by fitting the M,
distributions of X J/b control samples in data as a Gaussian and an ARGUS function. The control
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samples are reconstructed in the same way of X ¢~ except for the Charmonium veto. The veto
condition for the J/u is flipped to select the events. Figure shows the M), distributions of the control
samples with the fitting function. In the fitting, the end point parameter of the ARGUS function is fixed
at the value defined in the Section TABLE shows the shape parameters obtained by the fitting.
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FIG 7.1: My, distributions of the B — X J/iy control samples in data. The fit contained the following
components: a Gaussian for the signal (red line) and an ARGUS function to model background from the

continuum and combinatorial B decays (dashed blue line).

TABLE 7.2: Shape parameters of the signal PDF.

Mode Parameter Value

B — XseTe™ | Mean (p) | 5.279424 £ 0.000089 GeV
Width (o) 2.679 + 0.076 MeV

B — Xutp~ | Mean (u) | 5.279531 + 0.000080 GeV
Width (o) 2.602 + 0.062 MeV

7.1.2 Self cross-feed

The events originating from B — X ¢T¢~ which are wrongly reconstructed, for example mis-identification
of KTn~ as 77K, are denoted as the self cross-feed. The function of the self cross-feed is constructed
from the signal MC samples. Yield of the self cross-feed should be proportional to the signal. The ratio
of the self cross-feed to the signal is fixed to the value which are estimated by the simulation.

Figure[7.2]shows the histogram PDF of the self cross-feed. TABLE[7.3|shows the ratio of self cross-feed
to the signal.

TABLE 7.3: The ratio of the self cross-feed to the signal estimated by the simulation.

7.1.3

Mode Parameter Value
B — X,ete™ | Ratio (Nscs/Nsig) | 0.1211
B — X utp~ | Ratio (Nges/Nsig) | 0.0786

Non-peaking background

The continuum backgrounds and some BB backgrounds have not a peak on the M, distribution. These
backgrounds are denoted as the non-peaking background. PDF of the non-peaking backgrounds is mod-
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FIG 7.2: My, PDF of the self cross-feed.
eled by an ARGUS function:
farcus(Mye) < My - Vt - exp(—at), (7.3)
Mbc 2
t=1-— . 4
(Ebeam> (7 )

where Ejpeqnm, is an endpoint parameter and a is a shape parameter. The endpoint of the ARGUS function is
obtained by fitting the control samples of B® - D~ 7t, D~ — Ktn 7~ and BT — D%+, D% — K+n~.
The particle selection of K+ and 7 is same for the signal events. The D meson is required to have nominal
mass with the following criteria; 1.85 < M < 1.89 GeV. The B meson is selected by the following criteria;
—0.15 < AF < 0.15 GeV and 5.2 < M, < 5.3 GeV. TABLE summarizes the selection criteria of

the control samples.

TABLE 7.4: Summary of the selection criteria for the B — D control samples.

Particle Selection Criteria
K+ dr < 0.5¢cm,|dz| < 2.0cm, PIDg > 0.6, nCDCHits> 20
¥t dr < 0.5cm, |dz| < 2.0cm, PID, > 0.6, nCDCHits> 20
D 1.85 < M < 1.89 GeV/c?
B —0.15 < AE < 0.15GeV, 5.2 < My, < 5.3 GeV/c?

Figure [7.3] shows the My, distributions of the control samples with the fitting function. TABLE |7.5
shows the end point parameter obtained by the fitting.

TABLE 7.5: Shape parameters of the background PDF.

Parameter

Value

End point

5.28973 £ 0.00015 GeV

7.1.4 Peaking background

Three sources of the peaking backgrounds are considered as explained in Section (i) Double mis-1D
background, (ii) Swapped mis-ID background and (iii) Charmonium background.

Figure - show the histogram PDF. The shape and yield of (i) and (ii) are estimated from
data and these of (iii) are estimated from the MC samples. The yields of these peaking backgrounds are

summarized in TABLE [7.6]
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continuum and combinatorial B decays (dashed blue line).
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FIG 7.6: My, PDF of the Charmonium background.

TABLE 7.6: The yields of the peaking backgrounds.

Mode Parameter Value

B — Xsete™ Yield of the double mis-ID 11.7+£3.1
Yield of the swapped mis-ID | 0.015 + 0.006

Yield of the Charmonium 2.87+0.32

B — X,uTp~ | Yield of the double mis-ID 22.0+£4.0
Yield of the swapped mis-ID 1.16 £ 0.19

Yield of the Charmonium 2.01 +0.26

7.2 Fitter Check

The validation of the fitter is performed with a toy MC test. A pull distribution for a toy MC test is
useful sign to check relevance of the fitting method. A pull value of the signal yield is defined as following
calculation;

Ninput - Nobserved ) (75)
ON

where Njppy: is @ number of generated events, Nopserveq is an extracted number of events from fitting,
and 0N is an error of fitted parameter Nypserveq- When a pull distribution is fitted by Gaussian, a result
with mean equal to 0 and width equal to 1 shows a relevance of fitting. The test samples are generated
from the PDF's by fluctuating the number of each component with a Poisson distribution around the
expected number of events. 1000 MC samples are produce to make the pull distribution. Figure
shows pull distributions of signal yields. The fit results of mean p,,; and width o, are as followings,

pull =

Lputl X et e-mode = —0.1985 + 0.035, (7.6)
Opull X et e-mode = 1.096 & 0.025, (7.7)
Pl X pt p-mode = —0.1575 £ 0.033, (7.8)
Ol Xt ji-mode = 1.047 +0.023, (7.9)

(7.10)

The obtained mean is significantly lower than 0 and the obtained width is also larger than unity. This
indicates that the fitter might induce a bias on the number of signal events. These effects are included
in the systematic uncertainty that is discussed in the following section ([8.3).
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Chapter 8

Systematic uncertainty

8.1 Number of B meson pairs

The number of B meson pairs are estimated from the number of hadronic events at the 7°(4S5) resonance
operation subtracting the number at the out of 7°(4S5) resonance operation. The hadronic events, such as
BB events and continuum events, can be distinguished from QED events, such as Bhabha and two-photon
events, by requiring the number of tracks and clusters. The continuum events have similar cross-section
in both on the 7(49) resonance and out of the resonance, while the cross-section of BB events drastically
decrease out of the 7°(4S) resonance. The number of BB events N5 are estimated using following
equation,

No;lfres _ Rlumi % Noffres % k
Npp = —had b . (8.1)

€BB

where N2%7™ is the number of hadronic events in on-resonance of 7(4S), NPT is the number of

hadronic events in off-resonance 7°(45) (/s = 10.519GeV), Ryym; is the luminosity ratio between the
on-resonance data and off-resonance data, k is the correction factor of non-BB event cross-section for
different collision energy, and €5 is the selection efficiency of hadronic events. The number of B meson
pairs in the data set has been determined to be Ny5 = (37.7 £ 0.6) x 10°¢ [70].

8.2 Efficiency correction

The reconstruction efficiency estimated with the MC simulation is 2.418% for X eTe™ and 3.078% for
X,puTp~. Since there are discrepancies between data and MC on the selection efficiency for each particle,
the reconstruction efficiency should be corrected. The correction factors for the particle selections are
estimated with data-driven analyses. The uncertainties on the correction factors are propagated to the
systematic uncertainty.

8.2.1 Charged track reconstruction efficiency

The track reconstruction efficiency in high momentum region (pr > 200 MeV/c) is evaluated using e~ e~ —
7F7~ events. The 7-pair production has large cross section at the 7°(4S) resonance energy and provides
good opportunity to investigate the tracking performance at Belle II. The target processis e“e™ — 777~
where one tau lepton decays leptonically (7 — fvyv,) while the other decays hadronically into three
charged pions (1 — 37%v, 4+ nx¥). The 7-pair events are tagged from three good quality tracks. Then
the existence of an additional track is inferred. The tracking efficiency is calculated from the fraction
of the number of 4-tracks events over 3-tracks + 4-tracks events. The tracking efficiency evaluated with
data is consistent with that of MC within the uncertainty of 0.80%. The systematic uncertainty of 0.80%
is assigned on each track [71].

The tracking efficiency of low momentum track (pr < 200MeV/c) is investigated using slow-pion
decayed from D*; the efficiency is estimated with B — D*m and B — D*p. The slow tracking efficiency
on data is consistent with that of MC within the uncertainty of 9.87%. For each slow track, the uncertainty
of 9.87% is assigned.
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The total uncertainties on the X,¢*¢~ reconstruction efficiency due to the tracking efficiency is 3.8%
for Xsete™ and Xoputp™.

8.2.2 Lepton identification efficiency

The lepton identification efficiency and its ratio between data and MC are evaluated using calibration
samples as functions of momentum and polar angle of track. The detail is described in Section The
lepton identification efficiency correction factor on the X.¢*¢~ reconstruction efficiency is (96.3727)%
for X,ete™ and (85.71'3:;)% for X,putp~.

8.2.3 Hadron (K*, 7*) identification efficiency

The hadron identification performance is studied as described in Section [3.4] The correction factors
between data and MC are evaluated as functions of momentum and polar angle [15]. The reconstruction
efficiency of X,ete™ and X uTp~ is corrected by factor of 98.3 £1.2% and 98.5 & 1.3% due to kaon and
98.0 £+ 0.8% and 98.1 + 0.8% due to pion, respectively.

8.2.4 K reconstruction efficiency

The K? reconstruction efficiency is evaluated as function of distance between the interaction point and
the vertex position of K2. There is no strong deviation from unity on the efficiency ratio between data
and MC. The systematic uncertainty is assigned on each K candidate depending on the vertex distance..
The total uncertainty of 1.1% and 1.0% is assigned on the X,e*e™ and X, u™u~ reconstruction efficiency,
respectively.

8.2.5 7 reconstruction efficiency

The correction factor of 7° reconstruction efficiency is estimated by using n — vy and n — 37°. By
assuming the data-MC efficiency ratio of 7° — v and that of n — 7~ is same, the 7° reconstruction
efficiency is extracted as follows;

€data (27° Ngata(n — 37°) /Nyce(n — 379)

) _

emc(2m®)  Naata(n = 77)/Nuc(n — 1)
) _
)

b

8.2
0 €data (271'0) ( )

emc(270)

edata(ﬂ'
0

emo(m

For each 7° candidate, the correction factor of 93.243.4% is assigned. In total, the X ete™ and X,utpu~
efficiency is corrected by factor of 99.5 + 0.2% and 99.8 + 0.1%, respectively.

8.2.6 FastBDT selection efficiency

The FastBDT is trained to suppress large backgrounds by using MC samples. Even though there are no
large difference on input variables between data and MC, the efficiency correction should be evaluated.
The FastBDT efficiency is evaluated from B — X J/i) (— £7£7) samples. By fitting the My, distribution
with Gaussian and Argus function before and after the FastBDT selection, the efficiency is calculated.
The efficiency correction factor is 107.2 £ 4.4% for X,ete™ and 103.7 & 4.0% for X, putpu~.

8.2.7 Summary of the efficiency correction

The efficiency correction factors from each particle selection is summarized in TABLE [8.1

8.3 Fitter bias

The systematic uncertainty due to the fitter bias on the signal yields is estimated from the pull distribution
and the linearity check in Section The shift of the mean of the pull distribution would indicate the
bias on the signal yield and the large width of the pull would indicate that the statistical uncertainty is
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TABLE 8.1: The efficiency correction factors on the B — X £*{~ reconstruction.

Source B — Xsete™ %] | B— Xeutu™ [%)]
Tracking efficiency 100 + 3.8 100 + 3.8
Electron 1D 96.3727 -
Muon ID - 85.75°7
Kaon ID 98.3£1.2 98.5+£1.3
Pion ID 98.0+0.8 98.1£0.8
K? reconstruction 100+ 1.1 100 £+ 1.0
70 reconstruction 99.5£0.2 99.8 £0.1
FastBDT efficiency 107.2+44 103.7 £ 4.0

under estimated. The systematic uncertainty due to the pull mean osyst mean, and that due to the pull
width, ogyst width are evaluated by the following equation.

Osyst mean — Ostat * Hpull, (83)

Osyst width = Ostat * (O'pull - 1) 8.4

where fip and oy are mean and width of the pull distribution and o, is the statistical uncertainty.

8.4 PDF uncertainty

The systematic uncertainties from the fixed parameters in the PDF are estimated by varying the param-
eters by these uncertainties.

8.4.1 Uncertainty of signal shape

The signal PDF is modeled by a Gaussian and the shape parameters are fixed. The systematic uncertainty
due to fixed shape parameters are estimated by varying them by +1o.

8.4.2 TUncertainty of self cross-feed ratio

The self cross-feed PDF is modeled by a histogram PDF estimated with the MC samples. The systematic

uncertainty due to the self cross-feed is estimated by varying the ratio of the self cross-feed and the signal
yield by 100%.

8.4.3 Uncertainty of peaking background yields

The double mis-ID and swapped mis-ID backgrounds are estimated using the mis-ID probabilities and
PID efficiencies. To take into account the uncertainties of the mis-ID probabilities and PID efficiencies,
the uncertainties of the yields are calculated. Then the systematic uncertainties are estimated by varying
the yields by calculated uncertainties.

The Charmonium background is estimated using the MC samples. The systematic uncertainty due
to the Charmonium backgrounds is estimated by varying the yield by 100%, conservatively.

8.5 Signal modeling of non-resonant X

The B — X (¢~ samples are generated with EVTGEN [54], PYTHIA [55] [56], and PHOTOS [57].
The non-resonant X,¢T¢~ samples rely on the EvtBtoXsll decay model which is based on the following
papers [60] [61] [35] [62] [63]. The decay model has several parameters, K*-X, transition point, b-quark
mass, and the Fermi motion momentum. These parameters might change the di-lepton mass distribution
and X mass distribution and thus the reconstruction efficiency. The systematic uncertainty is estimated
by varying these parameters within proper range. The hadronization of X, relies on the PYTHIA. The
fragmentation of X, modes are corrected according to the Belle result.
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8.5.1 K*-X, transition point

To estimate the reconstruction efficiency, the My, is required to be greater than 1.1 GeV/c? for the
non-resonant X ¢*¢~ samples. The value of the point is same with the previous study [2]. The transition
position is varied by £0.1 GeV/c? and then the reconstruction efficiency is recalculated. The systematic
uncertainty to the branching fraction is provided from the range of reconstruction efficiency.

8.5.2 b-quark mass

The b-quark mass, mp, is assumed to be 4.8 GeV/c? to generate the X /¢~ samples. The b-quark mass
is conservatively varied in the range of 4-0.15 GeV/c?. Figure shows Mx_ and Figure shows M+,
distributions when the b-quark mass is varied. The effects on the Mx, and My+,- due to the b-quark
mass variation is very small as shown in FIG [8.1] and FIG
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FIG 8.1: My, distributions for various b-quark mass. Black line shows the distribution of m; =
4.80 GeV/c?, red line shows that of m; = 4.65 GeV/c?, and blue line shows that of m; = 4.95 GeV/c?.
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FIG 8.2: Mj+,- distributions for various b-quark mass. Black line shows the distribution of m;, =
4.80 GeV/c?, red line shows that of m; = 4.65 GeV/c?, and blue line shows that of my, = 4.95 GeV/c?.

8.5.3 Fermi motion momentum

The Fermi motion momentum pg of b-quark in the B meson is evaluated with hadronic moments mea-
surements in semi-lepton B decay and the photon spectrum in B — X,y decay. Recent result on pg
is pF = 0.46110 035 GeV [1]. To calculate the reconstruction efficiency, the parameter is assumed to be
pr = 0.410 GeV. The efficiency correction is calculated using MC samples in which pp is set at 0.461 GeV
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and a systematic uncertainty is estimated by varying in the range of 0.422 < pp < 0.498[ GeV]. Figure
8.3 shows My and Figure [8.4] shows M+, distributions when pp is varied.
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FIG 8.3: Mx, distributions for various Fermi motion momentum. Black dashed line shows the distribution
of pp = 0.410 GeV, black line shows the distribution of pr = 0.461 GeV, red line shows the distribution
of prp = 0.422 GeV, and blue line shows the distribution of pp = 0.498 GeV.
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FIG 8.4: My+,- distributions for various Fermi motion momentum. Black dashed line shows the dis-
tribution of pr = 0.410 GeV, black line shows the distribution of pr = 0.461 GeV, red line shows the
distribution of pp = 0.422 GeV, and blue line shows the distribution of pp = 0.498 GeV.

8.5.4 Fragmentation and missing modes of X

The reconstruction efficiency depends on the X decay modes. The prediction of the fragmentation of the
X, modes in the MC samples should be corrected by using real data. To keep the fraction of K *)¢te—
and non-resonant X£T¢~, an overall normalization factor of 0.986 is applied in on non-resonant X ¢*¢~
modes. The uncertainty due to the fraction of K *)¢*¢~ and non-resonant X ¢*¢~ is described in Section
Since no yields are observed in the K47 and 3K modes, only the normalization factor is applied.
The correction factor is estimated with B — X;J/i) at the Belle experiment which is shown in TABLE
Since there might be some resonant contributions in the K'm modes, the correction factor on these
mode is larger compared with other modes. By applying the correction and keeping the fraction of
K®¢t¢— and non-resonant X ¢*¢~, the fraction of missing modes which includes more than 4 pions, or
hadrons other than kaon and pion is also modified to follow the data. The fragmentation of X modes
will be measured with B — X £7¢~ when the Belle IT collects enough data to measure the yield of each
mode.
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TABLE 8.2: The fragmentation correction factors.

Mode Factor

K* ¥ 0.528 4+ 0.016
K9 n¥ 0.615 + 0.034
K+ 70 0.718 + 0.055
KO 70 0.539 + 0.090
K= 7nF o+ 1.145 £+ 0.031
KO nt nF 0.835 + 0.049
K* 7% 70 0.941 4+ 0.055
KO 7ot 70 0.888 4 0.106
K= 7% o% ¥ 1.583 £ 0.136
KO 7t nF gt 1.557 4 0.293
K* 7% g% 70 1.325 +0.191
KO 7% 7% 70 1.067 £ 0.292
K* 7% 7% #F 7 | 0.986

K% 7% 7% 7% 7% | 0.986

K* 7% 7% 7#F 720 | 0.986

Kg 7t oF g 70 0.986

K* KT K+ 0.986

K* KT K9 0.986

8.5.5 Fraction of B — K(™¢/~, B — K*/*¢{~, and non-resonant B — X (*t(~

Fraction of three kinds of signal MC sample, B — K{*{~, B — K*{*¢~ and non-resonant B — X (T{~,
is based on the SM prediction on the branching fraction in this paper as discussed in Section
Since the reconstruction efficiency depends on the X, decay modes, the uncertainty of the fraction of
X modes is an important source of systematic uncertainty on the branching fraction. The systematic
uncertainty is estimated by varying the fraction according to the prediction uncertainty on B — K/T/~
and B — K*(t(~.
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Validation with control modes

In this chapter, the measurements of the branching fraction on the B — X J/i) are discussed. Since the
measurement method of the control modes is almost same with that of B — X /¢~ the measurement
results can validate the method on the B — X ¢~ such as the reconstruction efficiency estimation
and the signal extraction. Four exclusive B — X J/i) modes are used for the validation, B* — KT J/\),
BY — K%Jj, B® — K*°Jhp, and BY — K+tn~ntJAp, in which the branching fractions have been
measured in previous studies.

9.1 Reconstruction of B — X, J/i(— (T(7)

The selection criteria on e*, u*, K+ 7% and K Y are exactly same as those discussed in Section

A K*9 meson is reconstructed from K*r~ for the B — K*0Ji) mode. The K*° candidates are
required to satisfy the mass criterion, |My+,— — Mg+o| < 7T5MeV/c? where Mo is the nominal K*°
meson mass. For the B — K7~ 7" J/) mode, candidates are required to satisfy Mg+, + < 2.0 GeV/c?
to suppress combinatorial backgrounds.

A J/p meson is reconstructed from ete™ or uTp~. The JA) candidates are required to satisfy the
mass criterion which is used to veto J/p for the B — X £T¢~ analysis discussed in Section

—0.40 GeV/¢® <M+ (4)e- (y) — Mypy < 0.15GeV/c? (9.1)
—0.25GeV/c? <M+~ — My, < 0.10 GeV/c? (9.2)

Then B meson is reconstructed by combining X final states and J/ip with following criteria.

5.2GeV/c? <My, < 5.3GeV/c?, (9.3)
—0.15GeV <AE < 0.15GeV. (9.4)

Compared with B — X070~ the B — X,J/p(— £7£7) samples are very clean thanks to the large
cross-section. To keep most of signal events, only the pre-selection and the D veto (Section are
applied.

The reconstruction efficiency is estimated with MC samples for each modes. The estimated efficiency
is summarized in TABLE [0.1]

9.1.1 Signal MC for BT — Ktn ntJk)

The MC samples for all modes except for BT — K+tn~ T J/i) are extracted from the generic MC samples
which is described in Section Since BT — K*tn~ntJ/) has several resonances and non-resonant
components, the signal MC samples are produced according to the study of K*n~n™ final states at the
Belle experiment [72].

Figure[9.1]shows the Mg+, -+ distribution at the MC truth level used to estimated the efficiency. Fol-
lowing five resonances and non-resonant components are considered, K7 (1270), K;(1400), K*(1410), K5 (1430),
and K*(1680).
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TABLE 9.1: Reconstruction efficiency on the control modes B — X J/i) estimated in MC samples.

Modes Efficiency
BT S K (s ete) 2.36%
BY — KOJpp (= etem) 0.633%
BY — K*0Jh)(— ete™) 0.640%
BT - Kta—atJi)(— ete™) 0.553%
BT S KV (= pti) 2.59%
B — KYJh) (— ptu™) 0.668%
B — K*OJh) (— ptp™) 0.702%
BT - Ktn=atJi(— ptu) 0.627%
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FIG 9.1: Mg+ -+ distribution at the MC truth level which is used to estimated the reconstruction
efficiency. Black line shows the total distribution. Contributions from each process is identified by color
code.
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9.2 Branching fraction extraction for BT — X, J/i

The branching fraction is obtained by fitting the My, distributions. The branching fraction for BT modes
and BY modes can be calculated from the signal yields with the following function.

Newos
B(Bt — X*) = signa 9.5
( - ) 2NB§ X f+, X € ( )
0 0 Nsignal
B(B" — X°) = (9.6)

_2NB§Xf00X€

Here f,_ and fyo are the branching fraction of 7(45) — B*B~ and 7 (4S) — B°BO, respectively.

The probability density function is constructed from two components, a Gaussian for signal and an
ARGUS function for non-peaking backgrounds. Since the control modes are very clean and signal peak is
clear, peaking background components are omitted and all parameters of the signal Gaussian are floated.
The endpoint of the ARGUS fiction is fixed at the value estimated with B — Dm samples shown in
TABLE [LH

9.3 Systematic uncertainty for BT — X, J/)

Relevant sources of systematic uncertainty which are described in Chapter |8 are considered. Additional
systematic uncertainty is due to fi_ and foo. f+— and foo are measured by BaBar, Belle, and CLEO
experiments, fi_ = 0.514 £ 0.006 and fyo = 0.486 4+ 0.006. The uncertainty of fi_ or fyo is included as
the systematic uncertainty.

Efficiency correction

The reconstruction efficiency estimated with MC samples is corrected with correction factors which are
discussed in Section All correction factors except for the FastBDT efficiency are considered, since
the FastBDT is not applied. The efficiency correction on the B — X J/i is summarized in TABLE

TABLE 9.2: The efficiency correction factors on the B — X J/.

Source KT Jpp(ete™) (%] | K°JRo(ete™) (%] | KOJhb(ete™) (%] | KTn—atdi(ete™) [%]
Tracking efficiency 100 £ 2.4 100 £ 3.9 100 £4.2 100 £ 2.0
Electron ID 96.3+3.1 96.3 + 3.2 96.1+3.1 96.4+3.1
Kaon ID 95.6+1.4 - 99.5+ 1.5 100.5 £ 1.6
Pion ID - - 97.1+14 94.4+2.9
K? reconstruction - 100+ 7.8 - -
Source K*Jp (utp”) (%) | KOJp (ptp™) (%] | K*Jfp (ute”) (%] | KXot Jmp (uhu”) (%]
Tracking efficiency 100 £ 2.4 100 £ 3.9 100 +4.2 100 £ 2.0
Muon ID 86.4+4.0 86.4+4.0 86.1+4.5 86.1+4.1
Kaon ID 95.8+1.4 - 99.5+ 1.5 100.3 £ 1.5
Pion ID - - 97.1+14 94.3+2.9
K? reconstruction - 100+ 8.0 - -

Fitter bias

The systematic uncertainty due to the fitter bias is estimated from the pull distribution. Test samples
are generated from the PDF by fluctuating the number of events with a Poisson distribution and 1000
test samples are produced. Figure and show the pull distribution which are obtained by toy MC
tests. Obtained results of mean fip,; and width op, are summarized in TABLE The obtained width
is consistent with unity within the uncertainty in all decay modes and most of mean is also consistent
with 0. The systematic uncertainty due to the fitter bias is only assigned to the modes in which the
discrepancy of mean from 0 is at more than 20 level.
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FIG 9.2: Pull of number of signal distributions of the B — X J/) (— ete™).
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FIG 9.3: Pull of number of signal distributions of the B — X J/i (— ptu™).
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TABLE 9.3: Obtained mean and width of the pull distributions on B — X,.J/i) control samples.

Modes Hpull Opull
Bt — Kt JR)p(— eTe™) —0.008 £ 0.031 | 0.994 + 0.022
BY — KOJ/ip(— ete) —0.095 4 0.032 | 1.023 4+ 0.023
BY — K*0J/i)(— ete) —0.071+0.032 | 1.011 £0.023
Bt = Kta—atJip(— ete™) | —0.037+0.031 | 0.990 + 0.022
Bt S KT Ji (= ptu) —0.044 + 0.031 | 0.989 + 0.022
BY — KOJj) (— ptpm) —0.018 +0.032 | 0.999 + 0.022
BY — K*0Jp) (— ptp™) —0.013 £ 0.031 | 0.976 + 0.022
Bt = Kta~atJi(— ptp~) | —0.071+0.032 | 1.009 + 0.023

9.4 Results on the branching fraction of BT — X J/i)

Figure and Figure shows the M, distributions with fitting functions for B — X J/) (— ete™)
and B — X JAp(— ptp™), respectively. The results of the branching fractions are summarized in

TABLE The systematic uncertainty is summarized
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FIG 9.4: M, distributions of the B — X J/i)(— ete™) with fitting function. The fit contained the
following components: a Gaussian for the signal (red line) and an ARGUS function to model background
from the continuum and combinatorial B decays (dashed blue line). The total fit is the solid blue line

and the data are overlaid as black makers.

These results are compared with measurements by other experiments. Figure shows comparison
on the branching fraction between the world average and our results. Most of our measurements are
consistent with the world average within 1o. Result on B* — KT .J/) with electron modes differs from
with the world average, [9.97 4 0.30] x 10™%, by 2.1¢ which is the largest value among all results. We
have confirmed that the analysis procedure of the branching fraction measurement is validated from these

results.
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FIG 9.5: M, distributions of the B — X J/) (— p™p~) with fitting function. The fit contained the
following components: a Gaussian for the signal (red line) and an ARGUS function to model background
from the continuum and combinatorial B decays (dashed blue line). The total fit is the solid blue line
and the data are overlaid as black makers.

TABLE 9.4: The branching fractions and corresponding signal yields on B — X J/ib control samples.

Modes Branching fraction [107%] | Signal yields
BY S KTJjp(—ete) 8.69 = 0.33(stat) = 0.41(syst) 734+ 27
B — KOJfp(— ete) 9.40 + 0.68(stat) £ 0.90(syst) 211 + 15
B — K*OJ/ip(— ete™) 13.56 + 0.85(stat) = 0.81(syst) 268 + 18
Bt - Ktn—ntJhp(— ete) 7.54 + 1.11(stat) & 1.60(syst) 148 + 21
BY > KT (— ptp) 9.35 £ 0.34(stat) £ 0.54(syst) 780 + 28
B — KO/ (— ptp) 8.64 + 0.66(stat) £ 0.88(syst) 183 + 14
B — K*OJpp (— ptp) 14.28 + 0.84(stat) =+ 1.04(syst) 306 + 18
Bt - Ktn ntJip(— putp~) | 8.87 4 1.04(stat) 4 1.83(syst) 176 + 19
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FIG 9.6: Measurements results on the branching fractions of B — X J/4b modes. Black dots show the
world average, blue dots show the our results with electron modes, and green dots show the our results
with muon modes. The internal error bars show only the statistical uncertainty and outer ones show the
uncertainty combined statistical and systematic one.
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TABLE 9.5: Systematic uncertainties on the branching fraction in unit of 10~%.

from the sum in quadrature of all contributions.

The total is obtained

Source Kt Jpp(ete™) | KOJRp(ete™) | K*OJpp(ete™) | Kta—nmtJhb(ete)
Number of B meson pairs +0.14 +0.15 +0.22 +0.12
f+— or foo +0.11 +0.11 +0.16 £0.09
Tracking efficiency +0.21 +0.37 +0.57 +1.56
Electron ID +0.28 +0.31 +0.44 +0.25
Kaon ID +0.13 - +0.20 +0.12
Pion ID - - £0.19 +0.23
K9 reconstruction - +0.74 - -
Fitter bias - +0.06 +0.06 -
Source KX (utp”) | K0T (ptp”) | K*OJp (php™) | Kta—atJp (php”)
Number of B meson pairs +0.15 +0.14 +0.23 +0.14
f+— or foo £0.12 +0.10 +0.17 +0.10
Tracking efficiency +0.22 +0.33 +0.60 +1.75
Muon ID +0.43 +0.40 +0.74 +0.43
Kaon ID +0.14 - +0.21 +0.14
Pion ID - - +0.21 +0.28
K9 reconstruction - +0.69 - -

Fitter bias

+0.07




Chapter 10

Results and Discussion

10.1 Results on B — X,ete” and B — X, pu~

Figure shows My, distributions with the fitting function. The central values of the branching
fractions and corresponding signal yields are summarized in TABLE [10.1]
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FIG 10.1: M. distributions of the B — X /T¢~ with the fitting function. The fit contained the

following components: a Gaussian for the signal (red line), an ARGUS function to model background
from the continuum and combinatorial B decays (dashed blue line), a histogram PDF to describe self
cross-feed (dashed green line), and three histogram PDFs to describe peaking backgrounds, (i) double
mis-ID background (dashed light-blue line), (ii) swapped mis-ID background (dashed magenta line), (iii)
Charmonium background (dashed orange line). The total fit result is the solid blue line and the data are

overlaid as black makers.

TABLE 10.1: Central values of the branching fractions and corresponding signal yileds.

Modes

Branching fraction [1079]

Signal yields

B — X.ete
B — Xutp~

4.8675 15 (stat) g o5 (syst)
0.787% 2% (stat) (syst)

+0.43
—0.38

169 733
8.25% 00 (stat) 152

1.37F

3.87
3.24

(syst)

(stat) 5.7 (syst)

The systematic uncertainties which are discussed in Chapter [§ are summarized in TABLE The
uncertainties are categorized as additive uncertainty which might induce a bias on signal yields and
multiplicative uncertainty which affect the reconstruction efficiency or the number of BB pairs. Total
uncertainty is obtained from the sum in quadrature of contributions.
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TABLE 10.2: Systematic uncertainties on the branching fraction in unit of 1076, The uncertainties are
categorized as additive (A) or multiplicative (M).

Source B — Xeete™ | B— X utu~
Number of B meson pairs (M) £0.08 +0.01
Tracking efficiency (M) o +0.02
Electron ID (M) e -
Muon ID (M) - Ry
Kaon ID (M) +0.06 £0.007
Pion ID (M) o0 +0.004
K? reconstruction (M) o8 +o.008
70 reconstruction (M) ool +0.001
FastBDT efficiency (M) s +0.02
Efficiency correction oo +o-0ae
Pull bias (A) o o
Pull width (A) 05 e
Fitter bias o e
Signal mean (A) +0.08 o2
Signal width (A) +0.16 +o.008
Self cross-feed ratio (A) o +0.05
Double mis-ID yields (A) +0.10 o
Swapped mis-ID yields (A) +0.002 +0.09
Charmonium yields (A) +0.04 +0.10
Fixed parameters +0.51 e
K*-X; transition (M) fg:?% fg:g%
b-quark mass (M) +0.03 +0.003
Fermi motion momentum (M) oot o0
Fragmentation and missing modes of X (M) B +0.02
Fraction of B — K¢T¢~ (M) +o.03 o9
Fraction of B — K*{t¢~ (M) roz +o.080
Signal modeling Toar 09t
Total additive o e
Total multiplicative fg:gg fg:égg
o i i
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10.2 Results on B — X /(1T(~

The branching fraction of B — X,£T¢~ is obtained by simultaneous fitting of M. distributions of
B — X.eTe™ and B — X,uTp~ assuming the lepton flavor universality. M, distributions and the
fitting function are shown in FIG The central value of the branching fraction is shown in TABLE
10.3l
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FIG 10.2: M, distributions of the B — X,/T¢~ with the fitting function when the simultaneous fitting
is applied. The fit contained the following components: a Gaussian for the signal (red line), an ARGUS
function to model background from the continuum and combinatorial B decays (dashed blue line), a
histogram PDF to describe self cross-feed (dashed green line), and three histogram PDFs to describe
peaking backgrounds, (i) double mis-ID background (dashed light-blue line), (ii) swapped mis-ID back-
ground (dashed magenta line), (iii) Charmonium background (dashed orange line). The total fit is the
solid blue line and the data are overlaid as black makers.

TABLE 10.3: Central value of the branching fractions.

Modes Branching fraction [1079]
B — X 0T~ | 27882 (stat) 05 (syst)

The systematic uncertainty for the simultaneous fitting is summarized in TABLE Systematic
uncertainties due to the number of BB pairs, efficiency corrections, and signal modeling are assumed to
be correlated between electron modes and muon modes.

10.3 Discussion and prospect

The statistical significance of the observation of the signal events is computed from the \/ —21og(Lo/Lmaz),
where L4, and Ly is the likelihood from the nominal fit and from the fit omitting the signal compo-
nent, respectively. The obtained statistical significances are 2.1, 0.400, and 1.70 for the B — X eTe™,
B — X,utu~, and B — X 74, respectively. The negative log likelihood profiles are shown in FIG
10.3] The statistical likelihood function is, then, convolved with a Gaussian function of the width given
by the additive systematic uncertainty which might induce a bias on signal yields. The total significances
are 2.00, 0.400, and 0.17¢ for the B — X eTe™, B — X utu~, and B — X {T{~, respectively.

Since the significance of the signals are below 20 for B — X uTu~ and B — X7/~ upper limits at
90% and 95% confidence levels (CL) are determined for the branching fraction. The limit of the branching
fraction at 90% (95%) CL, Bgg(9s), is obtained from the following equation.

S0 L(B)dB

IS L(B)dB

0.90(0.95) = (10.1)
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TABLE 10.4: Systematic uncertainties on the branching fraction in unit of 1076, The uncertainties are
categorized as additive (A) or multiplicative (M).

Source B — X 0t~
Number of B meson pairs (M) £0.04
Tracking efficiency (M) 10
Electron ID (M) 0005
Muon ID (M) ol
Kaon ID (M) +0.03
Pion ID (M) 0.0z
K9 reconstruction (M) +0.02
7% reconstruction (M) 0008
FastBDT efficiency (M) 000
Efficiency correction f?ﬁg
Pull bias (A) o
Pull width (A) ArT
Fitter bias T
Signal mean (A) +0.05
Signal width (A) +0.06
Self cross-feed ratio (A) fgﬁ?
Double mis-ID yields (A) +0.12
Swapped mis-ID yields (A) o0s
Charmonium yields (A) f8;85
Fixed parameters f%jﬁ
K*-X, transition (M) 008
b-quark mass (M) +0.01
Fermi motion momentum (M) +0.04
Fragmentation and missing modes of X, (M) oo
Fraction of B — K{T4~ (M) tggg
Fraction of B — K*¢+t¢= (M) J—r8:8§
Signal modeling f81§§
Total additive st
Total multiplicative i8:§§i
Total o6
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FIG 10.3: Negative log-likelihood statistical-only profiles for the branching fraction of B — X £+£~.
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where L is the likelihood function convolved with a Gaussian function of the width given by the total
systematic uncertainty. TABLE shows the results of the branching fractions.

TABLE 10.5: Results on the branching fractions.

Modes

Branching fraction [1079]

B — Xsete™
B — Xputp~
B — X 0t~

4.8673 75 (stat) T 03 (syst)
< 4.67 (5.61) at 90% (95%) CL
< 5.54 (6.30) at 90% (95%) CL

The results on the branching fractions are compared with other measurements in FIG For
B — X.ete™ and B — X,utpu~, the results are consistent with the world average, (6.67 & 0.82) x 10~°
and (4.27159%) x 107, within 1o of the uncertainty. Moreover, our results are consistent with other
measurements and the SM predictions.

The result of B — X7/~ is also consistent with the world average, Belle measurement and the SM
prediction. Compared with the BaBar measurement, (6.737092) x 106, our results are smaller and the

difference is at level 1.4 standard deviation of BaBar measurement.

[ ] SM prediction (M_>0.2 GeV)
BaBar (M2 >0.1 GeV?)
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FIG 10.4: Measurement results of the branching fractions of B — X ¢/*¢~. Red lines show results of this
analysis, green lines show BaBar measurements [16], blue lines show Belle measurement [17], and black
lines show the world average [1]. The internal error bars show only the statistical uncertainty and outer
ones show the uncertainty combined statistical and systematic one. Yellow band show the SM prediction

B2

Since the signal yields are less significance and thus the statistical uncertainty is large, the measure-
ment of Ry, is not performed in this thesis. The Rx, will be determined with very similar way which is
shown in this thesis in near future.




CHAPTER 10. RESULTS AND DISCUSSION 81

Systematic uncertainty

One of the dominant sources of the systematic uncertainties is due to the fitter bias discussed in Section
which is proportional to the statistical uncertainty. Thus, this uncertainty decreases as the integrated
luminosity increases. Another dominant source is the signal modeling of non-resonant X, especially the
fraction of B — K/¢*¢~ (Section [8.5.5). The uncertainty is caused by the large uncertainty of the SM
prediction on the B — K/{¢*t¢~ branching fraction. The fraction will be directly determined by the
measurement of M, distribution, dU'/dMx,, in B — Xs¢T¢~ decays using large statistics. Belle 1T
will also perform the precise measurements of branching fraction on B — K™ ¢*¢~ which contribute
to reduce this uncertainty. Moreover, the fragmentation of X, can be measured in Belle II and the
uncertainty due to that will decrease. Calibration of the Belle II detector is still at early stage. The
difference between data and MC on the particle ID and tracking efficiency will be understood and thus
the systematic uncertainty due to the efficiency correction and peaking backgrounds will be under better
control. Systematic uncertainty due to the FastBDT which a dominant source is limited by the statistics
of B — XJ/ip control samples. Thus, this component will decrease when the statistics increase.

Prospect

This thesis is based on the integrated luminosity of 34.6fb™" including 37.7 x 10 BB pairs. Belle II
continues to accumulate data and an integrated luminosity of 600fb~! and that of 1.1ab™! are expected
by 2021 summer and 2022 summer, respectively. The statistical uncertainty on the branching fraction is
expected to be reduced by a factor of 4.2 and 5.6 for each stage. Some sources of the systematic uncertainty
will also decrease thanks to the large statistics and further calibration as discussed above. Compared with
BaBar measurements based on an integrated luminosity of 424 fb™" [16] and Belle measurements based
on partial date corresponding to an integrated luminosity of 140 bt [17], the most precise measurements
of the branching fraction will be performed at early stage of Belle II.

In addition, the first measurement of Ry, will be performed for the further test of LF'U. The BaBar
measurements of the branching fraction correspond to Ry, = 0.577015 assuming the systematic un-
certainties are negligible in the ratio. Using the data set corresponding to an integrated luminosity of
1.1ab™ !, the statistical uncertainty is expected to be reduced by a factor of 1.6 compared with the BaBar
measurements.If the true values of the branching fraction are at the BaBar measurements, the Belle II
is expected to observe a discrepancy on the Rx,_ from the unity at 3.8 level. Furthermore, Belle II will
continue data taking aiming 50ab~' which is one hundred over larger than BaBar statistics. The Rx,
measurements using upcoming Belle IT full data set will provide decisive information to the lepton flavor
universality test.
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Conclusion

The inclusive B — X £T¢~ decays are a great probe for physics beyond the standard model of particle
physics. Moreover, B — X, (T¢~ decays provide complementary information with better theoretical
uncertainty to the exclusive B — K *)¢+¢~ decays in which tensions from the SM prediction have been
observed. Belle II is a unique experiment to explore the process with large statistics to shed light on the
anomalies.

We performed the measurements of the branching fractions of B — X,£T¢~ decay using the data set
accumulated by Belle II experiment which corresponds to 37.7 million BB pairs. The obtained results
are

B(B — X.ete ) = [4.867275 (stat) T 592 (syst)] x 1076 (11.1)
B(B — X uTp™) < 4.67(5.61) x 10~%at90%(95%)CL (11.2)
B(B — X, 0T07) < 5.54(6.30) x 10~%at90%(95%)CL (11.3)

Because the statistical significance on B — X,u "~ and B — X, £7¢™ is less than 20, the upper limit on
the branching fraction is set for these modes. The branching fraction of B — X,ete™ and B — X utu~
is consistent with previous measurements and the SM prediction. Result of B — X7/~ is consistent
with the world average, Belle measurement and the SM prediction, while the difference from BaBar is at
1.40 level.

The analysis procedure of B — X T/~ decays at Belle II experiment well established and we have
got ready to lead decisive conclusions regarding the anomalies which are observed in the exclusive B —
K®¢t¢— decays with upcoming Belle II data.



Appendix A

MC Calibration

In the comparison of the FastBDT input variables between data and MC, a discrepancy is observed in the
AF distribution. The MC samples were tuned to adequately reproduce the observed data distribution.

The AFE distributions of the control samples of Bt — K1t¢+¢~ and BT — K+7%¢+¢~ are fitted with
Crystal Ball function and the first order polynomial function. Figure [A.T]and [A.2 show the distributions
with the fitting functions. The mean and width obtained by the fitting is summarized in the FIG [A.3
and [A.4.

To calibrate the MC samples, the AE of MC samples are shifted by the mean differences depending
the existence of 7°. Moreover, the AE distribution of MC samples are smeared with a Gaussian of width

: 2 p)
given by \/03.t. — Trc-
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FIG A.1: AE distributions of B — KT¢+/{~ with the fitting function
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Appendix B

Lepton ID efficiency correction and
uncertainty with two-photon events

B.1 Introduction

This chapter describes the method and results of the correction and the systematic uncertainty of the
lepton identification (ID) efficiency.

The reconstruction efficiency calculated in Monte-Carlo (MC) sample can be different from the data
due to various reasons. It is necessary to know the difference of the efficiency for a better estimation of
the branching fraction. Particle ID efficiency should be known precisely for the flavor physics. Especially,
the lepton ID efficiency is very important for the lepton-flavor-universality test with B — X £7/~.

The two-photon process eTe™ — eTe 41T/~ is used as signal channel to study the lepton ID efficiency.
This process has only two leptons (£7£7) in the detector region and electron-positron (eTe™) escapes
into the beam pipe. One can use a lepton to probe the lepton ID efficiency by tagging the other lepton,
what we call the tag-and-probe method.

B.2 Data set

B.3 Data sample

Data accumulated on the 1'(4S5) resonance in the Phase3 of Belle IT are used for this study. The data
sample are equivalent with that of B — X /T¢~ analysis. The amount of data corresponds to an
integrated luminosity of 34.6 fb~! which.

B.3.1 Monte-Carlo simulation sample

For the simulation study, we have produced MC samples listed in TABLE TABLE shows the
number of events and the equivalent luminosity of each sample. Phase3 Belle I detector geometry has
been used for the detector simulation.

B.4 Selection

B.4.1 Event selection

A signal candidate is reconstructed from two tracks satisfying the following requirements, p > 0.3 GeV/c¢, dr <
2.0cm, |dz| < 5.0 cm. The mass of electron and muon is assigned to the track in the electron ID study and
the muon ID study, respectively. To suppress hadronic events and 777~ events, the following selection

is then applied:

e p>0.4 GeV/c
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TABLE B.1: Summary of the MC samples used in this analysis.

Sample Number of events | Equivalent luminosity [fb ]
ete"ete™ 39.74 x 108 100
etemptum 18.87 x 108 100
ete mta™ 18.95 x 108 10
ete  KTK~ 0.798 x 106 100
ete pp 0.117 x 108 100
T~ 91.9 x 108 100
ete () 29.4 x 108 10
pru= () 0.574 x 108 50

€0s Oopen > —0.997, Oopen is an opening angle of two tracks in the lab frame. This selection helps
to veto cosmic events.

e, + 75| < 2.5 GeV.
E*

vis

< 6.0 GeV, Ey is the sum of the cluster energies in the ECL
< 0.15 GeV

|7}y + Dy~
o My <3.0GeV

The convention X* means that the X variable is expressed in the center-of-mass system, X ,_ means
that the X of positive/negative charge track. Moreover, we required there are only one candidate in a
event. The selection My+,- < 3.0 GeV is introduced to suppress the Bhabha events which are not well
simulated in MC due to the trigger condition. The detail will be described in the following sections.

B.4.2 Trigger selection

Because the two-photon process has only two tracks in the detector region, the L1 Trigger has a large
effect on the reconstruction efficiency. Moreover, the L1 trigger might induce a bias on the lepton ID
efficiency, especially the electron ID, if the trigger requires a certain energy deposit in the ECL. Thus,
the CDC trigger is preferred for this study. We select candidates which are triggered by CDC-based
two-track trigger, which require two full tracks penetrating CDC.

B.4.3 Tag selection

In this method, a lepton is used to suppress backgrounds and identify the lepton flavor and the other

lepton is used to probe the efficiency. We applied the following tag selection on a track to select eTe~ete™
Yoty

orete pu .

e clectron : PID, > 0.95
e muon : PID, > 0.95 and p > 0.7 GeV/c

The other lepton track is used as a probe particle.

B.5 Lepton ID efficiency calculation

The lepton ID efficiency is calculated using the probe particle which is obtained by the tag selection.
The number of events selected with the tag selection is denoted as Ni,e. Then, we applied the following
probe selections on the probe track.

e clectron ID efficiency : PID, > 0.9

e muon ID efficiency: PID, > 0.9
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The number of event satisfying the probe selection is denoted as Nprobe-
In the MC study, the LID efficiency is calculated from just a fraction of Ny, and Nprobe using only
signal samples.

MC Nprobe
€ Ning (B.1)
On the other hand, Ni.s and Npone must contain some background events in the data. The contri-
bution of the backgrounds should be subtracted to obtain the correct LID efficiency. We define the LID
efficiency in the data as the following.

T,P
6DataL _ Nprobe - f . ZT ZP Nporobe " TT ° TP (BQ)

T,P
Neag = f-2202p Ngag 1T
where f is the fraction of number of events between data and MC before tag and probe selections.
L.p is the number of background events estimated in MC and rp(py is a correction of mis-ID

s

ntag/probe
probability or efficiency between data and MC. T and P are the type of particle on the tag and probe

side track, respectively (T, P = e, u, 7, K,p). Note that, we eliminate T = P = e and T = P = pu cases
for the electron, muon efficiency, respectively.

Momentum of the probe particle and M+, distributions of the data samples and background events
estimated with MC sample are shown in FIG and FIG for electron ID efficiency study and muon
ID efficiency study, respectively. Dominant source of the backgrounds is other two photon events, mainly
ete mTrw™ events.
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(a) Momentum distribution (b) M+, distribution

FIG B.1: Momentum of the probe particle and M+, distributions after the electron ID probe selec-
tion. Black line shows the data sample and red line shows background events estimated with MC. MC
distributions are multiplied by 10 for visualization purpose.

B.6 Systematic uncertainty

B.6.1 Correction between data and MC

The backgrounds estimated the MC samples are corrected using correction factors with hadron mis-ID
probability obtained with data driven analysis [|. The uncertainty of the correction factors are included
as systematic uncertainty.

B.6.2 Generator effects

The generation of MC samples of hadronic two photon events, such as eTe~7nT7~, has irreducible un-
certainties due to the less knowledge of intermediate states in the process. The uncertainty is typi-
cally up to 10%. Systematic uncertainty because of the generator uncertainty is calculated by varying
nTP(T, P = m, K, p) from 0.9-nTF to 1.1-nT>F. The interval of eP3* is taken into account the systematic
uncertainty.
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FIG B.2: Momentum of the probe particle and M,+,- distributions after the muon ID probe selec-
tion. Black line shows the data sample and red line shows background events estimated with MC. MC
distributions are multiplied by 10 for visualization purpose.

B.7 Binning definition
The lepton ID efficiency is calculated as function of momentum and polar angle of lepton. TABLE
and TABLE show the definition binning of electronID, muonID efficiency. The bins are chosen

according to the ECL and KLM geometry.
The lepton efficiency is calculated for bins in which there are at least 50 events before the tag selection.

TABLE B.2: Definition of binning for electronID study.

pLAB bins [GeV | | € bins [rad.]
0.4-0.5 0.22 - 0.56 (FWD end-cap)
0.5-1.0 0.56 — 1.13  (FWD barrel)
1.0-15 1.13 - 1.57  (Central FWD barrel)
1.5-2.0 1.57 - 1.88  (Central BWD barrel)
2.0-25 1.88 - 2.23  (BWD barrel)
25-3.0 223 -2.71 (BWD end-cap)

B.8 Results

B.8.1 electron ID efficiency

Figure and show the electron ID efficiency and the correction between data and MC for PID, >
0.9.
The efficiency at > 1GeV regions is around 98%. In the region of 0.5 < p < 1.0GeV/c, the CDC
dFE/dx band of electron and that of kaon are crossing and thus the efficiency is less than other region.
The efficiency ratio in central barrel region is stable at about 0.98. Since tracks pass through diagonally
to the CDC wires in the forward and backward region, the calibration of dF/dx is challenging. Fluctuation
of the ratio in the region will be decreased by dedicated calibration study.

muon ID efficiency

Figure and show results of the muon ID efficiency for PID, > 0.9.
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TABLE B.3: Definition of binning for muonID study.

pLap bins [GeV | | 6 bins [rad.]
0.4-0.5 0.40 - 0.64 (FWD EKLM)
0.5-0.7 0.64 - 0.82 (FWD EKLM-BKLM separation)
0.7-1.0 0.82-1.16 (FWD BKLM)
1.0-1.5 1.16 — 1.46  (Central BKLM)
1.5-2.0 1.46 - 1.78 (BWD BKLM)
2.0-25 1.78 - 2.13  (BKLM-solenoid-chimney)
25-3.0 2.13-2.22 (BWD EKLM-BKLM separation)
222 -260 (BWD EKLM)
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5 I
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FIG B.3: Electron ID efficiency of data for PID, > 0.9.
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FIG B.4: Ratio of electron ID efficiency between data and MC for PID, > 0.9.

Since low momentum tracks cannot reach the KLM, the efficiency in the region of p < 0.7 GeV/c is
lower than the other regions. The efficiency is increasing as a function of p and that at p > 1.5 GeV is

around 90%.
The efficiency ratio in the low momentum regions is smaller than unity. In the high momentum region,

the ratio is around 0.95.
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